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ABSTRACT
Ionic conducting ceramics attracted much attention in their applications as
electrolytes in many energy conversion, storage, and harvesting devices based on their high
singular ionic conductivity (H+ or O2-). Within these applications, protonic ceramic fuel
cells (PCFCs) show promising performance on electricity generation with high efficiency
and low emission at intermediate temperatures. However, the sluggish oxygen reduction
reaction (ORR) at the cathode side and the potential coking issue at the anode side are still
the crucial stumbling stones to the further development of PCFCs. Utilizing materials with
mixed conductivity, including co-ionic conductivity (H+ and O2-) and triple conductivity
(H+, O2-, and e-), could potentially mitigate these problems. For the cathode, the
simultaneously conducting of H+ and O2- along with the sufficient electronic conduction,
more sites could be activated for ORR than the situation for mixed ionic and electronic
conductors (MIECs). Furthermore, the transport of a small amount of oxygen ion from the
cathode to the anode through the proton conducting electrolyte is one of the common
strategies for mitigating the coking effect by directly burning the deposited solid carbon,
which utilizes the transferred O2- and generates water at the anode side to promote the
reforming reaction of hydrocarbons.
The phase-pure perovskite oxides of doped barium cerates and zirconates usually
possess some degree of oxygen ion conductivity besides the predominant proton
conductivity, behaved co-ionic conduction characteristic. However, it is not easy to
simultaneously increase proton and oxygen ion conductivity by only adjusting perovskite
dopants. The equilibrium between the protonation and deprotonation reactions determines
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the partial ionic conductivity, while the solubility-limited extrinsic dopant (e.g., Y)
concentration decides the total ionic conductivity. Mechanically mixing two pre-prepared
phases with independently controllable transport properties to form dual-phase composites
allowed more flexibility to design the co-ionic conducting materials. However, the
mechanically mixing resulted in poor homogeneity, large phase domain size, continuous
solid reactions, and emergent interface impurities, which usually caused significant
performance degradation. Thus, the one-pot fabrication method provided an effective route
to achieve stable composites with homogenous phase distribution, stable phase
composition, and stable microstructure to ensure the steady promising transport properties
for the resulted co-ionic conducting composites.
This Ph.D. study took advantage of composite materials and one-pot fabrication
methods to develop mixed conducting materials for PCFCs and investigate the
electrochemical properties. First, we investigated phase compositions and corresponding
electrochemical properties of dual-phase materials BaCe0.5Fe0.5O3-δ (BCF) in Chapter III.
Based on BCF, we developed novel triple-conducting nanocomposite cathode material
BaCe0.4Fe0.4Co0.2O3-δ (BCFC) and demonstrated the promising cathodic performance in
Chapter IV. Second, candidates of the electrolyte and the anode scaffold materials were
developed based on the investigation of mixed conduction properties of BaCe0.5Zr0.4Y0.1O3δ-Ce0.5Y0.5O2-δ

(BCZY-YDC) composites with different phase ratios in Chapter V. Finally,

proper demonstrations were given with these developed composites to confirm the
feasibility as each component and the contribution of unique mixed conduction properties.

iii

DEDICATION
This dissertation is dedicated to my wife, Yao Du, who altruistically constantly
supports and encourages my Ph.D. study and life. It is the best thing ever to have you in
my life. I also dedicate this dissertation to my little angel Freya, who brighten my life in
my most difficult time. Finally, this work is also dedicated to my parents and grandparents,
and who set great examples and unconditionally respect all my choices.

iv

ACKNOWLEDGMENTS
First and foremost, I would like to thank my advisor Dr. Jianhua Tong. It is really
pleasured to have this valuable opportunity to work and learn from you through my whole
Ph.D. study. Appreciate your patience, knowledge, and meticulous guidance, which lead
me in the direction to my academic carrier future. I would also like to thank my committee
members, Dr. Kyle S. Brinkman, Dr. Fei Peng, and Dr. Jian He, for in-depth experimental
design and data analysis discussions.
I would like to thank Dr. Dong Jiang, Dr. Hua Huang, Minda Zou, Ximei Zhai, and
other peers in my group for providing many insightful suggestions and commons
throughout these five years.
Finally, A big thanks should be given to all faculty and staff in my department. You
kindly shared your knowledge and experience for my research, enthusiastically helped me
in my work, amiable conversation, and shared everyday life.

v

TABLE OF CONTENTS
Page
TITLE PAGE .................................................................................................................... i
ABSTRACT ..................................................................................................................... ii
DEDICATION ................................................................................................................ iv
ACKNOWLEDGMENTS ............................................................................................... v
LIST OF TABLES ........................................................................................................viii
LIST OF FIGURES ........................................................................................................ ix
CHAPTER
I.

DISSERTATION OVERVIEW AND OUTLINE......................................... 1

II.

GENERAL INTRODUCTION ...................................................................... 6
2.1 Protonic Ceramics .............................................................................. 6
2.2 Protonic Ceramic Fuel Cells .............................................................. 8
2.3 Anode Materials for Protonic Ceramic Fuel Cells........................... 10
2.4 Electrolyte Materials for Protonic Ceramic Fuel Cells .................... 11
2.5 Cathode Materials for Protonic Ceramic Fuel Cells ........................ 12

III.

INVESTIGATION AND DEVELOPMENT OF PEROVSKITEPEROVSKITE COMPOSITE MATERIAL BaCe0.5Fe0.5O3-δ ............... 14
3.1 Introduction ...................................................................................... 14
3.2 Experimental .................................................................................... 18
3.3 Results and Discussion .................................................................... 24
3.4 Conclusions ...................................................................................... 44

IV.

TRIPLE CONDUCTING PEROVSKITE-PEROVSKITE
NANOCOMPOSITE CATHODE MATERIALS FOR PROTONIC
CERAMIC FUEL CELLS ..................................................................... 45
4.1 Introduction ...................................................................................... 46
4.2 Experimental .................................................................................... 50

vi

Table of Contents (Continued)
Page
4.3 Results and Discussion .................................................................... 56
4.4 Conclusions ...................................................................................... 74
V.

PEROVSKITE-FLUORITE DUAL-PHASE COMPOSITES FOR THE
ELECTROLYTE AND THE ANODE SCAFFOLD OF PROTONIC
CERAMIC FUEL CELLS ..................................................................... 75
5.1 Introduction ...................................................................................... 76
5.2 Experimental .................................................................................... 80
5.3 Results and Discussion .................................................................... 85
5.4 Conclusions .................................................................................... 108

VI.

FUEL CELL DEMONSTRATIONS BASED ON MATERIALS WITH COIONIC CONDUCTIVITY ................................................................... 109
6.1 Introduction .................................................................................... 110
6.2 Experimental .................................................................................. 112
6.3 Results and discussion ................................................................... 115
6.4 Conclusion ..................................................................................... 124

VII.

SUMMARY AND CONCLUSIONS ........................................................ 125

REFERENCES ............................................................................................................ 127

vii

LIST OF TABLES
Table

Page

4.1

Lattice parameters of each phase in BCFC samples treated at different
temperatures ........................................................................................... 62

4.2

Element molar percentage for BCFC pellet sintered at 1200oC (Normalized
numbers based on Ba amount were shown in brackets) ........................ 63

4.3

Cathode materials compared in Fig. 4.10b .................................................. 68

viii

LIST OF FIGURES
Figure

Page

1.1

Dissertation objective overview ..................................................................... 5

2.1

Schematic representation of proton transfer describing by Grotthuss
mechanism in cubic perovskite oxides .................................................... 7

2.2

Potential reactions at the anode side for direct hydrocarbon PCFCs (taking
methane as the example) .......................................................................... 9

3.1

(a) XRD patterns and (b) the enlarged spectra of as-prepared BCF, 5% H2
reduced BCF, and re-oxidized BCF powders ........................................ 25

3.2

SME images for (a) as-prepared BCF powder, (b) 24 h reduced BCF powder,
and (c) re-oxidized BCF powder............................................................ 27

3.3

XRD patterns of as-prepared BCF under ambient conditions and 5% H2
reducing atmosphere .............................................................................. 29

3.4

XRD patterns of BCF fabricated with Ar quench process, reoxidized samples
of reduced BCF, and reducing fabricated BCF samples ........................ 29

3.5

XRD patterns of reduced and reoxidized BCF powders at both 600oC and
750oC...................................................................................................... 30

3.6

(a) ASR value change along with test procedure. (b) Typical impedance
spectra of the BCF symmetric cell at the end of each test under different
atmospheres. DRT analysis of the impedance spectra obtained at different
time points under (c) wet 5% H2, (d) wet air, and (e) switching back to wet
5% H2. And (f) the summary of DRT analysis of impedance spectra shown
in (b). ...................................................................................................... 32

3.7

XRD patterns of BCF powders at the end of different atmospheres (24 h)
during the atmosphere switching treatment between wet 5% H2 and wet
air ........................................................................................................... 32

3.8

XRD patterns of BCF powders at the end of each treatment atmosphere (24 h
for every process) ................................................................................... 33

3.9

(a) ASR value change along with atmosphere change. (b) DRT analysis of the
impedance spectra obtained at the end of each atmosphere .................. 35

ix

List of Figures (Continued)
Figure

Page

3.10

Back-scattering SEM image for the dense BCF pellet sintered at 1300oC for
12 h, while the dark phase (the darker grains refer to the Fe-rich cubic
perovskite phase, while the lighter ones stand for the Ce-rich
orthorhombic perovskite phase)............................................................. 37

3.11

Atmosphere dependence of open circuit voltage ......................................... 38

3.12

The cross-sectional morphology of the single cell with BCF for all three
components after testing ........................................................................ 40

3.13

(a) OCV changes along with atmosphere change and test time, (b) the
impedance spectrum of BCF | BCF | BCF+65% NiO cell tested at 600oC,
(c) corresponding I-V and I-P curves of the cell.................................... 40

3.14

(a) Single-cell I-V and I-P curves measured at various temperatures in a Dry
hydrogen atmosphere. (b) The EIS data for fuel cells tested at 550oC700oC. (c) The polarization resistance, ohmic resistances, and total
resistances are determined from the EIS. (d) The cross-sectional
morphology of the single cell after testing ............................................ 41

4.1

Schemes of preparation, phase structure, interface area, and reactions of (a)
microcomposite cathodes and (b) perovskite-perovskite nanocomposite
cathodes, respectively. PC: protonic conducting; MIEC: mixed ionic and
electronic conducting ............................................................................. 49

4.2

XRD patterns of as-prepared BCFC, BCC and BCYFC compared with
BCF ........................................................................................................ 56

4.3

XRD patterns of BCFC precursor powder and BCFC powders calcined at
different temperatures from 800oC to 950oC ......................................... 57

4.4

Temperature dependence of ASR of BCFC calcined at 900oC which tested
under wet air .......................................................................................... 59

4.5

SEM images of the untested BCFC electrode on symmetric cells calcined at
different temperature, (a) 800oC, (b) 850oC, (c) 900oC and (d) 950oC .. 59

4.6

XRD patterns of as-prepared BCFC, 5% H2 reduced BCFC, and re-oxidized
BCFC powders ....................................................................................... 60

x

List of Figures (Continued)
Figure

Page

4.7

XRD Rietveld refinement result of as-prepared BCFC calcined at 900oC .. 61

4.8

SEM images of areas and points on BCFC pellet sintered at 1200oC for
composition identification by EDX: (a) Cross-sectional area used for
average composition identification, and (b-f) surface locations for phase
composition identification (brighter grains: orthorhombic perovskite
phase, darker grains: cubic perovskite phase)........................................ 63

4.9

Structure characterization of BCFC prepared at 900°C: (a) TEM image and
(b) selected-area electron diffraction (SAED) pattern of as-prepared BCFC
nanocomposites. (c) radially averaged intensity profile of the SAED
shown in (b) as compared to the XRD pattern to indicate the coexistence
of cubic and orthorhombic perovskite phases. (d) the HRTEM image of
BCFC nanocomposite grains in cubic and orthorhombic perovskite phases.
(e) FFT-filtered HRTEM image obtained from (d) to show the overlap of
cubic perovskite (purple) and orthorhombic perovskite (green) grains
outlined by the dashed lines. (f) enlarged HRTEM image and (g) the
corresponding FFT reflections of the cubic BCFC grain in (d). (h)
enlarged HRTEM image and (i) the corresponding FFT reflections of the
orthorhombic BCFC grain in (d)............................................................ 65

4.10

(a) The Arrhenius plot of the ASR for BCFC in wet air with the comparison of
ones of BCF and BCFZY0.1. (b) ASR values of representative cathodes
tested as symmetric cell formation under wet air atmosphere. (The whole
list of cathode materials can be found in Table 4.3) ............................. 66

4.11

The long-term stability of the ASR of BCFC cathode at 700oC in air based on
the symmetrical cells.............................................................................. 67

4.12

(a) Arrhenius plots of the ASR under different 𝑝𝑂2 and water 𝑝𝐻2𝑂 conditions.
(b) ionic transfer numbers of BCFC and BCF under oxygen partial
pressure gradients................................................................................... 67

4.13

BCFC cathode calcined at 900oC: (a) I-V and I-P curves of single-cell
measured under a dry hydrogen atmosphere at different temperatures. (b)
The polarization resistance of the cathode and the anode, ohmic
resistances, and total resistances determined from the EIS. (c) The EIS
data for BCFC fuel cell tested at 600oC-700oC. (d) The fit of the EIS plot
of the cell tested at 600oC. The equivalent circuit used for fitting is shown
as the inset in (b). (e) the cross-sectional morphology of a PCFC single

xi

List of Figures (Continued)
Figure

Page
cell after testing with the cross-sectional view of the BCFC cathode
inserted ................................................................................................... 73

5.1

Scheme of (a) single-phase co-ionic conductor and (b) dual-phase co-ionic
conductor................................................................................................ 79

5.2

XRD patterns of BCZY-YDC pellets with different component ratios
compared with pure BCZY and YDC phases ........................................ 85

5.3

The refinement results of (a) BCZY-YDC-0.5-1 and (b) BCZY-YDC-1-1
DPCs ...................................................................................................... 86

5.4

BS-SEM images of BCZY-YDC pellets’ surface with different component
ratios: (a) 0.5:1, (b) 1:1, (c) 2:1, and (b) 4:1 .......................................... 88

5.5

BS-SEM images of BCZY-YDC pellets’ cross-sections with different
component ratios: (a) 0.5:1, (b) 1:1, (c) 2:1, and (b) 4:1 ....................... 88

5.6

The fit of the EIS Nyquist curve of BCZY-YDC-1-1 tested at 250oC under
wet air. The equivalent circuit used for fitting is shown as the inset ..... 90

5.7

Temperature dependence of conductivity for BCZY-YDC pellets under
different atmospheres: (a) dry air, (b) wet air, (c) dry 5% H2, and wet 5%
H2 ........................................................................................................... 90

5.8

Temperature dependence of conductivity for BCZY-YDC pellets at different
temperatures under wet 5% H2 atmosphere: (a) the bulk conductivity, and
(b) the grain boundary conductivity ....................................................... 96

5.9

Temperature dependent of bulk and grain boundary (GB) conductivity
obtained under wet air ............................................................................ 96

5.10

Temperature dependence of total conductivity measured under different
atmospheres of (a) BCZY-YDC-0.5-1, (b) BCZY-YDC-1-1, (c) BCZYYDC-2-1 and (d) BCZY-YDC-4-1 ........................................................ 97

5.11

The total ionic transfer numbers (ti) of BCZY-YDC-1-1 and BCZY-YDC-2-1
in (a) oxidizing atmosphere and (c) reducing atmosphere. The transfer
numbers in (a) were tested by concentration cell #1, and the transfer
numbers in (b) were tested by concentration cell #3 ............................. 98

xii

List of Figures (Continued)
Figure

Page

5.12

Ionic transfer numbers in oxidizing atmospheres of (a) BCZY-YDC-1-1 and
(c) BCZY-YDC-2-1. The transfer numbers of t H+ + t O2− and t H+ were
tested by concentration cell 1 and cell 2, respectively. The transfer
numbers of t O2− were calculated by subtraction of t H+ from t H+ + t O2− .
And t e− was calculated by 1-(t H+ + t O2− ). Corresponding partial
conductivities of (b) BCZY-YDC-1-1 and (d) BCZY-YDC-2-1 were
calculated based on obtained transfer numbers and conductivities
measured under wet air. ....................................................................... 100

5.13

Ionic transfer numbers in reducing atmospheres of (a) BCZY-YDC-1-1 and
(c) BCZY-YDC-2-1. The transfer numbers of t H+ + t O2− and t O2− were
tested by concentration cell 1 and cell 2, respectively. The transfer
numbers of t H+ were calculated by subtraction of t O2− from t H+ + t O2− .
And t e− was calculated by 1-(t H+ + t O2− ). Corresponding partial
conductivities of (b) BCZY-YDC-1-1 and (d) BCZY-YDC-2-1 were
calculated based on obtained transfer numbers and conductivities
measured under wet 5% H2. ................................................................. 101

5.14

The OCV values of BCZY-YDC-1-1 and BCZY-YDC-2-1 measured under
both dry and wet conditions ................................................................. 103

5.15

The conductivity stability of BCZY-YDC-2-1 under wet air at 600oC (the
break around 80 h caused by the power outage) .................................. 105

5.16

The XRD pattern for the tested BCZY-YDC-2-1 sample and samples exposed
to various gradients (BCZY-YDC-1-1 and BCZY-YDC-2-1) compared
with the fresh samples.......................................................................... 105

5.17

BS-SEM images of BCZY-YDC pellets’ cross-sections after EMF test with
different component ratios: (a) 1:1, and (b) 2:1 ................................... 106

6.1

(a) I-V and I-P curves of single-cell measured at different temperatures. (b)
The EIS data for fuel cells tested at 550oC-650oC. (c) The polarization
resistances, ohmic resistances, and total resistances are determined from
the EIS. (d) The cross-sectional morphology of the single cell after
testing ................................................................................................... 115

6.2

Comparison of OCVs between our cell and other single cells with co-ionic
composite electrolytes. The data for other single cells with co-ionic
composite electrolytes BaCe0.8Sm0.2O3-δ-Ce0.8Sm0.2O1.9 [137],

xiii

List of Figures (Continued)
Figure

Page
BaCe0.8Sm0.2O3-δ-Ce0.8Sm0.2O2-δ [146], BaCe0.8Y0.2O3-δ-Ce0.8Sm0.2O2-δ
[147], BaCe0.83Y0.17O3-δ-Ce0.85Sm0.15O1.925 [148], and BaCe0.83Y0.17O3-δCe0.85Sm0.15O1.92 [149], BaCe0.8Y0.2O3-δ-Ce0.8Gd0.2O1.9 [150] ............. 117

6.3

(a) I-V and I-P curves of single-cell measured at different temperatures. (b)
The EIS data for fuel cells tested at 550oC-650oC ............................... 118

6.4

Polarization resistance comparison between cells with BCFZY0.1 and BCFC
cathodes................................................................................................ 119

6.5

(a) The polarization resistance, ohmic resistances, and total resistances are
determined from the EIS. (b) DRT spectra as a function of varying
hydrogen partial pressure. (c) The histogram of intensity for each peak
showing in (b) and corresponding electrochemical processes ............. 120

6.6

(a) I-V and I-P curves of single-cell measured at different temperatures. (b)
The EIS data for fuel cells tested at 550oC-650oC. (b) The time
dependence of power densities. (d) The cross-sectional SEM image after
test ........................................................................................................ 123

xiv

CHAPTER ONE
DISSERTATION OVERVIEW AND OUTLINE
Ceramic fuel cells gained significant attention thanks to their high efficiency, fuel
flexibility, and non-rigid requirement for precious metal catalysts[1]. Generally studied
ceramic fuel cells could be classified into two types based on the electrolyte conduction
properties: solid oxide fuel cells (SOFCs) and protonic ceramic fuel cells (PCFCs), which
utilize oxygen-ion conducting and proton conducting electrolytes, respectively. Due to the
lower activation energy of proton conduction than that of oxygen ions, protonic ceramics
should have higher conductivity in the intermediate-temperature range (300oC-600oC) for
practical usability and long-term reliability. Furthermore, water is formed at the cathode
side instead of the anode side where fuels are fed, by which fuels do not get diluted, and
higher overall efficiency can be achieved[2].
There are three essential components for PCFCs: the dense electrolyte for
exclusively ion transport, the porous cathode for oxygen reduction, and the porous anode
for fuel oxidation. The electrolyte represents the media that allows ions to migrate from
one electrode to the other and avoids the direct reaction between fuels and oxidants. The
common requirements are high ionic conductivity and electronic resistivity, chemical and
mechanical stability, and thermal and chemical compatibility with electrode materials[3].
Since electrodes take on the role of contact reactants (always are gaseous) and external
current loop, the high electronic conductor with porous structures is an essential
requirement [4]. However, to achieve better performance in practical applications, more
specific criteria are required besides the above necessities.
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For cathodes in PCFCs, the primary reaction is the catalytic oxygen reduction
reaction (ORR), which occurred at sites where protons, oxygen ions, and electrons exist
simultaneously and formed steam could quickly evaporate. In this event, besides the high
electronic conductivity, sufficient oxygen ionic (O2-) and protonic (H+) conductivities are
also required for effective operation, by which more activated sites are generated[5].
Recently, researchers realized that a small amount of oxygen ion conduction in protonic
electrolytes could result in higher PCFC performance. In this case, both electrodes are
involved in steam, which can minimize the complexity of PCFCs by avoiding humidifying
devices and improving the coking tolerance when hydrocarbon fuels are employed[6]. As
for anodes in PCFCs, fuels are converted into protons and electrons by oxidation reactions,
which transport to electrolyte and lead wire, respectively. Thus, high protonic conduction
in the anode could promote fuel oxidation performance. Furthermore, cooperating with coionic conduction of electrolyte, the introduction of oxygen ionic conductivity into anode
materials can help remove possibly deposited carbon from the anode to obtain better
performance when hydrocarbons work as fuels. Therefore, mixed conductivity, including
co-ionic conductivity (H+ and O2-) and triple conductivity (H+, O2- and e-), existing in all
three components of PCFCs plays a crucial role in high performed fuel cells.
The phase-pure perovskite oxides of doped barium cerates and zirconates[7, 8],
could behave co-ionic conducting or triple conducting characteristics under certain
conditions. The equilibrium between the protonation and deprotonation reactions
determines the partial ionic conductivity, while the solubility-limited extrinsic dopant (e.g.,
Y) concentration decides the total ionic conductivity [9]. However, especially for phase-
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pure triple-conducting perovskites, it is not easy to determine partial conductivities for each
charge carrier in these materials, predominantly electronic conductors. Thus, it is hard to
obtain a clear direction to tune partial conductivities by adjusting perovskite dopants.
Furthermore, because of the interdependence of proton, oxygen ion, and electron in the
perovskite structure and the limited adjusting parameters, the discovery of phase pure
materials with mixed conductivity faces a significant challenge. Mechanically mixing two
pre-prepared phases with independently controllable transport properties to form the dualphase composites allowed more flexibility to design the co-ionic conducting materials.
However, the composite materials fabricated by mechanically mixing pre-synthesized
component phase powders resulted in poor homogeneity, large phase domain size,
continuous solid reactions, and emergent interface impurities, which usually caused
significant

performance

degradation

for

these

materials[10].

The

one-pot

synthesis/fabrication method provided an effective route to achieve stable composites with
homogenous phase distribution, stable phase composition, and stable microstructure to
ensure the resulting composites’ steady promising transport properties.
This dissertation developed novel composite materials for PCFC involving mixed
conductivity by one-pot synthesis methods. And corresponding phase structures,
microstructures, and electrochemical properties were carefully investigated to understand
co-ionic conductivity inside these composites under different conditions. My dissertation
is organized as follows (As shown in Fig. 1.1).
CHAPTER ONE (this chapter) provides the overview and outlines this my
dissertation.
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CHAPTER TWO presents the general introduction of basic information related to
my dissertation. For detail, the introduction includes protonic ceramics, protonic ceramic
fuel cells, and components of protonic ceramic fuel cells.
CHAPTER THREE investigates the electrochemical and chemical properties of the
discovered perovskite-perovskite nanocomposite BaCe0.5Fe0.5O3-δ. Understand the mixed
conductivity, phase structure, and suitability as PCFC components of this composite
material.
CHAPTER

FOUR

exhibits

the

fabrication

of

perovskite-perovskite

nanocomposites prepared by the one-pot sol-gel method, the characterization of
electrochemical properties, and the demonstration of PCFCs. A part of this chapter is based
on our paper published in the Journal of Power Sources titled “Novel twin-perovskite
nanocomposite of Ba–Ce–Fe–Co–O as a promising triple conducting cathode material for
protonic ceramic fuel cells” in 2020.
CHAPTER FIVE describes the fabrication of perovskite-fluorite oxides composites
by solid-state reactive sintering method, the investigation of their co-ionic conductivity
property change tendency, phase ratio change, and the potentials to work as PCFC
components.
CHAPTER SIX presents the demonstration of PCFCs with developed composite
materials mentioned in previous chapters.
CHAPTER SEVEN presents the overall summary and conclusions of this
dissertation.

4

Development and nvesti a tion of

Development and

nvesti ation of

Figure 1.1. Dissertation objective overview.
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CHAPTER TWO
GENERAL INTRODUCTION
2.1 Protonic Ceramics
Protonic ceramics are materials commonly oxides with oxygen vacancies primarily
generated by the doping strategy. Proton defects could be formed through the following
defect reactions under hydrogen or water-containing atmospheres.
𝐻2 (𝑔) + 2𝑂𝑂× + 2ℎ∙ ↔ 2𝑂𝐻𝑂∙
𝐻2 𝑂(𝑔) + 𝑉𝑂∙∙ + 𝑂𝑂× ↔ 2𝑂𝐻𝑂∙
Protonic ceramics attracted significant attention for the first time due to the
demonstration of proton conducting materials SrCeO3-δ and BaCeO3-δ on several
electrochemical devices, including fuel cells, electrolyzers, and membrane reactors by
Iwahara et al. in the 1980s[11-14]. Whereafter, his group and co-workers developed more
applications based on protonic ceramics. In 2003, Kreuer reviewed the structural and
chemical parameters that influence protons’ defect chemistry and transport properties,
which promoted the discovery and development of proton ceramics[15]. Another
breakthrough of protonic ceramic development is the significant improvement of
sinterability by introducing the sintering aids NiO, ZnO, and CoO[5, 16]. The crucial
protonic ceramics are perovskite oxides with the nominal composition of ABO3, in which
large-size cation elements occupy the A-site (e.g., Ba, Sr, and La), and the small-size
tetravalent cation elements (Ce4+ and Zr4+) usually take the B-site. The oxygen vacancy,
which benefits the proton uptake and proton conduction when exposed to hydrogen or
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water, could be generated by doping aliovalent elements such as Y, Yb, and Sm with the
defect reaction shown below[17].
2𝐵𝐵× + 𝑂𝑂× + 𝑀2 𝑂3 → 2𝑀𝐵′ + 𝑉𝑂∙∙ + 2𝐵𝑂2 {𝐵𝐵× = 𝐵𝐵4+4+ , 𝑀𝐵′ = 𝑀𝐵3+
4+ }
The most widely accepted proton transport mechanism inside the perovskite-type
oxides is the Grotthuss mechanism, consisting of two main steps, as shown in Fig. 2.1. The
first step is the reorientation of the protons around an oxygen site, which requires small
activation energy (step d&e). The second step is the hopping of the protons from one
oxygen site to the most adjacent oxygen site (step a-c). Thus, the oxygen network
symmetry and the oxygen vacancy concentration determine the number of protons in
oxides. Although the high-symmetry cubic phase involving equivalent oxygen sites is
favorable for oxygen ion transport at high temperatures, a slight deviation from the highsymmetry cubic structure benefits the hydration process, leading to higher proton
conductivity[18, 19].

Figure 2.1. Schematic representation of proton transfer describing by Grotthuss mechanism in cubic
perovskite oxides. Adapted with permission from Langmuir 2019, 35, 30, 9962–9969[20]. Copyright ©
2019 American Chemical Society.
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2.2 Protonic Ceramics Fuel Cells
Protonic ceramic fuel cells (PCFCs) are a sub-category of ceramic fuel cells with
protonic ceramics as the electrolyte layer, parallel with solid oxide fuel cells (SOFCs) by
conducting oxygen ions through oxygen ionic conducting electrolyte layer. SOFCs have
gained significant attention for their high efficiency and low emission rate[21]. However,
required by the high activation energy of oxygen ionic conduction, high operation
temperatures of 800-1000oC are constantly demanded, which results in several problems
such as material limitations, high costs, performance degradation, and slow operation
cycle[22]. To address these problems, lowering the operating temperature is significantly
needed for practical application.
In this regard, PCFCs are a promising option because of the low activation energy
(0.4-0.6 eV) of proton transfer, which ensures high ionic conductivity at a low-temperature
range. When hydrogen is used as a fuel on the anode side, and oxygen is supplied to the
cathode as an oxidant, the PCFCs’ electrode reactions can be described.
2𝐻2 → 4𝐻 + + 4𝑒 − (𝐴𝑛𝑜𝑑𝑒)
4𝐻 + + 𝑂2 + 4𝑒 − → 2𝐻2 𝑂 (𝐶𝑎𝑡ℎ𝑜𝑑𝑒)
2𝐻2 + 𝑂2 → 2𝐻2 𝑂 (𝑂𝑣𝑒𝑟𝑎𝑙𝑙)
The hydrogen oxidation reaction and the oxygen reduction reaction (ORR) occur
at the anode and the cathode, respectively[23]. On the contrary to SOFCs, the water is
formed at the cathode side for PCFCs, which avoids the fuel dilution to improve fuel
utilization and efficiency[24]. When directly using hydrocarbons as fuels for PCFCs, more
complicated reactions may occur at the anode side, as shown in Fig. 2.2[25].
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Figure 2.2. Potential reactions at the anode side for direct hydrocarbon PCFCs (taking methane as the
example).

Thus, two major issues that considerably la ed PCF Cs’ development are the lack
of suitable cathodes for ORR and the coking problem resulted from the insufficient
reforming reactions and side-reactions at the anode side. In this Ph.D. study, we make our
efforts to address these problems by developing and understanding novel materials with
co-ionic conductivity.
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2.3 Anode Materials for Protonic Ceramic Fuel Cells
PCFCs were constructed in an electrolyte support configuration at the initial
research stage with porous platinum or silver thin films as electrodes[26]. The noble metals
did an excellent job in the oxidization of hydrogen or other fuels at the anode. However,
they need an unaffordable cost for commercialization. Furthermore, the thick electrolytes
usually resulted in poor power density. After that, the cermet composites with a protonic
conductor and Ni were widely utilized for better cost and performance analogized from
oxygen ionic conducting SOFCs[5, 27, 28]. In practice, the cermet anode structure
performed much better performance than those in SOFCs because both Ni and protonic
conductors can transfer protons rather than only oxygen ionic conductors taking conducting
responsibility[29]. However, coking occurred when only protons were conducted.
Steam[30] or CO2[31] were introduced into the fuel atmosphere to overcome this barrier
via internal reforming reactions, converting fuels into CO and H2. It is worth noting that
these reactions worked in a way to sacrifice fuel. Shimada et al.[32] noticed that there was
noticeable oxygen ionic conductivity within BaZr0.9Y0.1O3-δ, and they could be utilized to
remove solid carbon from the anode to obtain better performance without diluting fuels.
But oxygen ionic conduction in a single-phase protonic conductor is not able to be tuned
on purposely. Thus, dual-phase electrolyte and related anode materials with controllable
mixed protonic and oxygen ionic conductivity should be discovered to solve the coking
problems further.
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2.4 Electrolyte Materials for Protonic Ceramic Fuel Cells
The electrolyte is the crucial component that controls the conducting mechanism of
the whole fuel cell. Barium/strontium cerates or zirconates in perovskite structure were
demonstrated as electrolytes by Iwahara et al.[33]. To date, doped BaCeO3-δ and BaZrO3-δ
are the most commonly used electrolyte materials in PCFCs. Doped BaCeO3-δ, although
exhibited higher total conductivities[34], is hindered by its poor chemical stability,
especially in H2O and CO2-containing atmospheres, which could lead to degradation of
fuel cells performance and durability. On the contrary, doped BaZrO3-δ shows much better
chemical stability and high bulk protonic conductivities. However, the high grain boundary
resistance appears due to their lousy sinterability than cerates[35]. Researchers have
already made several attempts to get better sinterability of the zirconate electrolytes. The
addition of proper sintering additives, transition and alkali metal oxides[36, 37], was
confirmed to be able to lower the sintering temperatures and gain higher relative
densities[38]. Another way is to combine the advantages of doped barium cerate and
zirconate materials in the form of solid solutions. Guo et al.[39] studied BaCe0.8-xZrxY0.2O3δ

materials and concluded that BaCe0.4Zr0.4Y0.2O3-δ (BCZY44) had good chemical stability

and high conductivities for both the bulk and the grain boundary. The BaCe0.7Zr0.1Y0.2O3-δ
(BCZY71) electrolyte-based fuel cells displayed great performances [40] but poor
chemical stability. Most recently, BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BCZYYb) with co-ionic
conductivity (proton and oxygen ion) served as the electrolyte of PCFCs was reported to
show good stability and high conductivity[5]. However, very few protonic conductors with
a controllable amount of oxygen ionic conductivity were studied. To directly use

11

hydrocarbon as fuel, new co-ionic conducting electrolyte materials must be developed
because the anti-coking reactions require some amount of oxygen-ion conductivity.
2.5 Cathode Materials for Protonic Ceramic Fuel Cells
A bigger challenge appears for cathode materials selection compared with anode
materials refers to the steam formation on this side, which only forms at the points where
the protons, oxygen ions, and electrons are all present at the same time. Similar to anode
materials, the research of cathode materials started with pure electronic conductors.
Platinum holds the best performance with steam formation reacted at TPBs connect with
electrode, electrolyte, and gas phase, but its cost was extremely high, and thermal
expansion coefficient was different from most of the electrolyte materials[26]. Mixed ionic
and electronic conductors (MIECs), such as Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF)[41] and
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF)[42], were also borrowed from SOFCs to gain better oxygen
ions transition in electrode. However, there were not any additional water generation
reaction sites introduced into cathodes. To further extend the reaction sites, incorporating
transition metals or multi-valent elements into protonic conductors to form mixed protonic
and electronic conductors (MPECs) was reported[43, 44]. The whole cathode surface could
be applied to form steam by delivery of protons and electrons to surfaces. But the poor
catalytic activity of oxygen reduction reaction (ORR) leads worse performance than pure
electronic conductors and MIECs[45]. Recently, perovskite structured triple conductor
(protons, oxygen ions, and electrons) BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY) was synthesized
by Duan et al[5], which activated the whole cathode surface for water generation reactions.
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BCFZY exhibited an impressive performance even at low temperatures benefiting from
sufficient electronic conduction and electrode catalytic activity for the ORR. The search
for suitable cathode materials is still hindered due to the limited number of triple
conductors. A better way to develop proper cathode materials is to make nanocomposites
comprised of MIECs and protonic conductors because there are many candidates for each
component. Most of the composites were fabricated by ball milling of two components[46].
However, this kind of mixing method results in poor uniformity and further long-term solid
state reaction to achieve thermodynamic equilibrium. Tao et al.[44] reported a new
composite material BaCe0.5Fe0.5O3-δ (BCF) which auto-composited into two different
phases BaCe0.15Fe0.85O3-δ (BCF1585) and BaCe0.85Fe0.15O3-δ (BCF8515) conducting
oxygen-ions, electronic defects (BCF1585), and protons (BCF8515), simultaneously. This
new synthesis method gave composite materials thoroughly mixing in nanoscale and
thermodynamic equilibrium state. Nevertheless, the performances of fuel cells that used
BCF were not improved so much due to the poor morphology of the cathode. Further
improvement of performance by adjusting the composition and modifying the fabrication
method is required.
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CHAPTER THREE
INVESTIGATION AND DEVELOPMENT OF PEROVSKITE-PEROVSKITE
COMPOSITE MATERIAL BaCe0.5Fe0.5O3-δ
BaCe0.5Fe0.5O3-δ (BCF) is a reported perovskite-perovskite composite material with
triple conducting property, which could obtain two kinds of perovskite phases by one-pot
synthesis. Many applications have already been made based on their unique conduction
property. However, less research has been done to determine the composite phase structure
formation mechanism and investigate the corresponding electrochemical properties. Thus,
we developed a modified Pechini method to fabricate BCF, carefully disclosed and
investigated the phase formation and change behavior, and discussed the electric properties
and potential applications along with the phase composition in the present paper.
3.1 Introduction
At present, protonic ceramic fuel cells (PCFCs) have attracted wide attention due
to their high overall efficiency, fuel flexibility, low pollutant emissions, and relatively low
operating temperatures compared with solid oxide fuel cells (SOFCs)[5, 47]. Even though
the lower operation temperature offers benefits to PCFCs such as lower system costs, low
degradation rates, and fast start-up/shutdown cycles, it also increases polarization losses
associated with slower electrochemical processes[48]. At low temperatures, the cathode
polarization is the primary loss due to the thermally activated kinetics of the oxygen
reduction reaction (ORR)[49], especially when hydrogen is fuel. Researchers have made
lots of efforts to address this issue over the past couple of years.
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Water formed at the cathode side in PCFCs rather than the anode side in SOFCs,
due to the conduction property difference between PCFC and SOFC electrolytes. Besides
oxygen ion diffusion and reduction on the cathode, the water formation and diffusion put
additional protonic conduction requirements for cathode materials[45]. Therefore, based
on traditional mixed ionic (oxygen ion) and electronic conducting (MIEC) cathode
materials, introducing protonic conductivity to form triple conductivity (H+/O2-/e-) may
offer better performance. Composites comprised of proton-conducting and MIEC
materials[50, 51] and single-phase triple-conducting (H+/O2-/e-) materials (TCMs, like
BaCo0.7Fe0.7Zr0.1Y0.1O3-δ)[5, 52] are commonly employed to achieve the triple conductivity
for improving PCFC cathode performance. However, there are still challenges for these
materials. For composites, the mechanical mixing of crystallized powders is the primary
fabrication method that usually results in the micro-sized phases and corresponding long
transport paths, poor two-phase percolation. Thermodynamic non-equilibrium makes it
challenging to improve the cathode performance further[10]. Recently, single-phase TCMs
were obtained by heavy doping of multi-valent transition metals, such as Co and Fe, into
perovskites with barium at the A-site[53]. However, the further development of new singlephase TCMs by this heavy doping strategy is greatly hindered because of the difficulty of
confining too many elements in one crystal structure due to the solubility limit for each
element. Furthermore, in the phase-pure compound, based on the difficulty to determine
the partial conductivities in such electronic predominant conductors, freely adjusting the
triple conductivities is also a significant challenge[54].
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Most recently, a new class of perovskite-perovskite nanocomposite cathode
(PPNCC) materials emerged out, showing promising performance[44, 55, 56]. Within
these materials, BaCe0.5Fe0.5O3-δ (BCF) developed in 2009 worked as a frontier candidate
cathode material for PCFCs. The author reported that a one-pot synthesized method
resulted in a stable BCF composite consisting of cubic perovskite BaCe0.15Fe0.85O3-δ
(BCF1585) and orthorhombic perovskite BaCe0.85Fe0.15O3-δ (BCF8515). Moreover, BCF
showed outstanding performance compared with phase-pure BCF1585 and BCF8515.
After that, Zhu et al.[57] demonstrated the same material BCF as the cathode of SOFCs
and made efforts to identify each phase’s composition. Furthermore, researchers employed
BCF as a hydrogen permeation membrane[58] and membrane reactor[59] material by
utilizing the coexistence of protonic and electronic conductivity in different perovskite
phases. In these reports, the authors claimed that the BCF8515 phase is the protonconducting dominant phase, while the BCF1585 phase works as the MIEC phase. Thus, by
applying proper atmosphere conditions at each side of the dense pellet, various conduction
could form inside the BCF to achieve different reactions. Based on these results, BCF
exhibits good chemical stability in both oxidation and reducing atmospheres, which
strongly meets the requirement of electrode materials for protonic ceramic fuel cells
(PCFCs), even the electrolyte layer ignoring the electronic conductivity[4].
The BCF shows an excellent potential to work as all three components of PCFCs.
A PCFC using the same materials as all three components offers several benefits. First, as
cathode-electrolyte and anode-electrolyte interfaces are similar, both the chemical and the
mechanical compatibilities are minimized. Second, the utilization of the same material for
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the three components could greatly simplify the fabrication of ceramic devices.
Furthermore, this configuration is good to work as a reversible cell by easily reversing the
gas flow without considering the stability at all[60-62]. Thus, to further determine the
capability of BCF as all three components of PCFCs, it is necessary to carefully investigate
the phase stability and electrochemical properties under different atmospheres.
Herein, we carefully investigated the BCF composites fabricated and treated under
different conditions in terms of crystal structure, stability, and electrochemical properties.
Furthermore, we explored the potential applications for BCF based on its properties.

17

3.2 Experimental
3.2.1 Synthesis of BCF Powder
BCF powder was synthesized by a modified Pechini method. In a beaker,
stoichiometric amounts of Ba(NO3)2 (99+%, Alfa Aesar), Ce(NO3)3·6H2O (99.5wt%, Alfa
Aesar), and Fe(NO3)3·9H2O (98+%, Alfa Aesar) were dissolved into the appropriate
amount of deionized water. Next, during magnetic stirring, ethylenediaminetetraacetic
(EDTA, 99.4%, Alfa Aesar) acid and citric acid monohydrate (99.5%, ACROS Organics)
were added to the nitrate solution. EDTA acid and citric acid have molar ratios of 1.5 and
1, respectively, to the total cation. After slowly adding ammonium hydroxide (NH3·H2O,
28-30% w/w, LabChem) to adjust pH around 10, the solids dissolved and formed a clear
solution. The gel turned into a dark charcoal-like powder after being dried at 150oC for 48
hours in a box oven. Eventually, formed BCF perovskite powder after the charcoal-like
powder being calcined at 900oC for 5 h.
3.2.2 Preparation of BCF Dense Pellets
The BCF green pellets were made according to the steps below. BCF powders were
first dry-pressed for 120 s at ~400 MPa in circular carbon-aided steel die set with a diameter
of 19 mm and a thickness of 1 mm. The green pellets were then sintered for 12 h at 1300oC.
3.2.3 Powder Redox Cycle and Treatment with Controlled Atmospheres
As-prepared BCF powder was placed in a tube furnace with a flow rate of 50
mL·min-1 in a 5% H2 atmosphere. With a 5oC/min ramping rate, the furnace was heated up
to 900oC and hold for 24 h. After cooling at the same rate to room temperature, the re-
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oxidation of BCF powder was conducted by heating reduced BCF powder to 900oC in air,
and all other conditions keep the same. A similar procedure for the redox cycle at 600oC
and 750oC.
For the gas switching treatment, the 900oC 5 h fired BCF powder was treated under
wet 5% H2 (humidified by flow through the bubbler at room temperature) with a flow rate
of 50 mL·min-1. After the 24 h treatment, the gas was switched into wet air with the same
flowing rate for another 24 h treatment. Finally, the atmosphere was changed back to the
wet 5% H2 for the last 24 h treatment.
For the treatment to determine the effects of partial pressure of hydrogen (𝑝𝐻2 ) and
water (𝑝𝐻2 𝑂 ) at 750oC, the sequence of the gas is dry 5% H2, dry H2, wet 5% H2, and wet
H2 with the flow rate of 50 mL·min-1 and treatment time of 24 h for each atmosphere.
3.2.4 Preparation of Precursor Powders of BaCe0.7Zr0.1Y0.1Yb0.1O3-δ Electrolyte and
Anode, and BCF Anode
Electrolyte and anode precursor powders were made by mechanically mixing raw
material powders in isopropanol and then oven drying them. The preparation of the
electrolyte BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BCZYYb) + 1wt% NiO is as follows. Proper
amounts of BaCO3 (Alfa Aesar, 99.8%), CeO2 (Alfa Aesar, 99.9%), ZrO2 (Alfa Aesar,
99.7%), Y2O3 (Alfa Aesar, 99.9%), and Yb2O3 (Alfa Aesar, 99.9%) were mixed in the
stoichiometry ratio of BCZYYb. A sintering aid of 1wt% NiO was added to the precursor
mixture and ball-milled for 48 h with 3 mm yttria-stabilized zirconia (YSZ) balls grinding
media and isopropanol as the grinding solvent. The slurry was then heated at 150oC in a
box oven for 48 h to get fully dried. The anode 40w%BCZYYb+ 60wt% NiO + 20wt%
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(based on total solid) starch and the anode 35wt% BCF + 65wt% NiO+ 20wt% (based on
total solid) starch were prepared BCZYYb/BCF powder, NiO, and extra 20wt% starch
using the same procedure.
3.2.5 Preparation of BCF Precursor Pastes for Cathode
The precursor powder was fabricated from the dried charcoal-like powder
described in section 3.2.1. The charcoal-like powder fired at 600oC for 5 h followed by ball
milling for 7 days in 1-butanol. After evaporating, obtained powder was further fired at
500oC for 5 h and ball milling again in isopropanol for another 3 days. BCF precursor
powder was collected by dying the ball-milled suspension at 90oC for 48 h. The following
procedure was followed to make BCF precursor pastes. BCF precursor powder, dispersant
(20wt% solsperse 28000 (Lubrizol) in terpineol solution), and binder (5wt% V-600
(Heraeus) in terpineol solution) were manually mixed in an agate mortar with an agate
pestle for 45 minutes in a weight ratio of 15:3:1. The other one is BCF paste, which directly
uses BCF powder rather than precursor powder. All other procedures are the same as
previously described.
3.2.6 Fabrication of Symmetric Cells
The electrode | electrolyte | electrode configuration was used to make symmetrical
cells. The solid-state reactive sintering (SSRS) method was employed to make the
BCZYYb electrolyte pellets, as described below. In a circular carbon-aided steel die set,
the precursor powder of BCZYYb + 1wt% NiO electrolyte was pressed into green pellets
under 350 MPa for 120 s with a diameter of 19 mm and a thickness of ~2 mm. The
BCZYYb electrolyte pellets were obtained after sintering at 1450oC for 18 h. The BCF
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precursor paste was then screen printed on both sides of the polished electrolyte pellets
before being annealed at 900oC for 5 h. The silver paste was applied to both sides of the
sample using a screen-printing method prior to any electrochemical measurements. Then,
to act as current collectors and lead wires (four probes), silver mesh (Alfa Aesar, item
number 40936) and gold wire (Alfa Aesar, item number 00725) were attached to the silver
paste surfaces (Alfa Aesar, item number 44075). Finally, the sample was dried at 150°C
on a hot plate to ensure good adhesion.
3.2.7 Fabrication of Single Cells
The all-BCF single cell was fabricated by the co-pressing method. The BCF anode
powder (~1 g) was poured into the circular carbon-aided steel die set, which has a diameter
of 19 mm. Gently pressed the powder with the pillar and then applied ~0.1 g BCF powders
obtained in section 3.2.1 for the electrolyte layer. Then the dry-pressing was employed
under 350 MPa for 120 s and following with the sintering at 1300oC for 12 h. On the
electrolyte layer, BCF precursor paste in a 12 mm diameter was screen-printed on the BCF
cathode. The entire structure was then fried at 200oC for 2 h and then at 900oC for 3 h.
The single-cell based on BCZYYb half-cell with BCF cathode was fabricated in
another way. The anode green pellets were produced by dry pressing at 350 MPa for 120 s
in circular carbon-aided steel die set, with a diameter of 19 mm and a thickness of 2 mm.
Electrolyte layers were screen-printed on both sides of green anode pellets using electrolyte
paste and then fired at 1450oC for 18 h. The extra electrolyte layer was removed from the
fired pellets, and the electrolyte layer was screen-printed with BCF paste (~20 µm) of 12
mm in diameter. After that, the entire structure was fired at 900oC for 5 h. Silver mesh and
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gold wire were used as current collectors before the single-cell tests, and they were attached
to the electrode surfaces with silver paste.
3.2.8 Characterization
The X-ray diffraction (XRD) patterns of as-prepared BCF, reduced BCF, and reoxidized BCF powders were recorded using a Rigaku Ultima IV diffractometer with
monochromatic Cu K radiation (1.5406 Å). The scanning rate was 1o/min with a 0.02o step
length and a 20o~80o 2θ scan ran e. Scanning electron microscopy (SEM) of BCF powders
was studied using a Hitachi S-4800 microscope with a 10 kV acceleration voltage and a 10
µA emission current. And the back-scattering SEM was also conducted at the Hitachi S4800 under a similar condition with the YAGBSE detector.
Before any electrochemical measurement, Current collectors and mechanical
support lead wire, using silver mesh and gold wire, were attached to the electrode surfaces
by commercial silver paste.
The OCV measurement was taken by Gamry Reference 3000 at 900oC under
different biases, including air|5% H2 and air|H2 with a flow rate of 50 mL·min-1.
The EIS was collected by a Gamry Reference 600 Plus at 750oC in sequenced
atmospheres of wet 5% H2 (balanced by Ar), wet air, and back to wet 5% H2 with a flow
rate of 50 mL·min-1 (the humidity was introduced by following through room-temperature
water bubbler). The data was collected using a perturbation voltage of 10 mV and a
frequency range of 0.01 Hz-5 MHz. The obtained EIS results were analyzed by fitting
output resistances to output resistances using ZView software based on the equivalent
circuit model and then converting to conductivities. The resulting impedance spectra were
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deconvoluted with the DRT program from Ciucci et al.[63] with regularization parameter
λ=0.1.
The performance of the fuel cell was taken by a Gamry Reference 3000 at 600oC.
The flowing air was applied on the cathode side, and the anode side was reduced by 5% H2
and pure H2 for 24 h, separately. Following that, EIS (with a perturbation voltage of 10 mV
and a frequency range of 0.01 Hz-1 MHz), cyclic voltammetry, Potentiostat EIS, and opencircuit voltages were used (OCVs).
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3.3 Results and Discussion
3.3.1 Phase Structure Identification and Phase Change Behavior for BCF
Fig. 3.1a displays the normalized XRD pattern of the BCF powder sample calcined
at 900oC for 5 h in the box furnace starting from the precursor powder (red pattern). The
XRD patterns indicate that as-prepared BCF powder formed a perovskite-perovskite
composite phase structure, including a BCF1585 cubic perovskite (𝑃𝑚3̅𝑚) and a BCF8515
orthorhombic one (𝑃𝑏𝑛𝑚), which is consistent with previous reports[44, 57-59]. The
Goldschmidt tolerance factor 𝑡 was commonly used to predict the structure stability of a
perovskite phase, which defined as 𝑡 = (𝑅𝐴 + 𝑅𝑂 )/√2(𝑅𝐵 + 𝑅𝑂 ), where 𝑅𝐴 , 𝑅𝐵 and 𝑅𝑂
represent the ionic radius of the A-site cation, B-site cation, and the oxygen ion (1.400 Å),
respectively[64]. A stable perovskite structure is predicted for 0.75≤ 𝑡 ≤1.00, and a nearunity factor (1.04-0.95) indicates a cubic perovskite structure, while the structure will turn
into an orthorhombic structure when 𝑡 is below 0.90. In case of co-doping B-site perovskite,
the mean radius of the 𝑅𝐵 is calculated in the perovskite AB1-x Bx O3-δ by the equation
𝑅𝐵 = (1 − 𝑥)𝑅𝐵𝐼 + 𝑥𝑅𝐵𝐼𝐼 [65]. Based on the calculation, tolerance factors for BCF,
BCF1585, and BCF8515 are 0.939, 0.982, and 0.899, respectively (assuming both Ce and
Fe are at the highest level of oxidation state, which is 1.010 Å and 0.725 Å). The tolerance
factor of BCF is at the boundary between two structures, while the one of BCF1585 is
bigger than 0.95, referred to as the cubic structure, and BCF8515 falls into the
orthorhombic structure range. Thus, it is reasonable to understand that as-prepared BCF
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could automatically form these two different perovskite structures, consistent with the
previous reported[44, 57, 58].

Figure 3.1. (a) XRD patterns and (b) the enlarged spectra of as-prepared BCF, 5% H2 reduced BCF, and reoxidized BCF powders.

To confirm the assumption that the perovskite-perovskite dual-phase structure
formation triggered by the ionic radius change of multi-valence elements, a reduction
treatment at 900oC was conducted under a dry 5% H2 (balanced by Ar) atmosphere. As
shown in Fig. 3.1a (blue pattern), after treating as-prepared BCF, the XRD peaks
corresponding to the cubic phase disappeared (the sample of BCF-Reduced). In other
words, after a long-time reduction, the cubic phase transformed into the single
orthorhombic perovskite phase without forming any impurity. This phase transition
phenomenon is attributed to the great change of radii before and after reduction[66] (e.g.:
Ce4+ 1.010 Å to Ce3+ 1.150 Å, and Fe4+ 0.725 Å to Fe3+ 0.758 Å and Fe2+ 0.920 Å). When
B-site elements are reduced to the lowest oxidation states, the tolerance factor of BCF
decreases from 0.939 to 0.874, which moves from the boundary position to the
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orthorhombic structure range. Therefore, the perovskite-perovskite composite phase
structure transforms into a pure orthorhombic structure under reducing atmosphere (dry 5%
H2) resulting from the radius change along with the valence change of Ce and Fe.
Furthermore, as shown in Fig. 3.1b, the orthorhombic phase’s characteristic peak around
29o shifts to the low degree side after reducing, indicating that the distance of the (112)
plane e ts lar er based on Bra ’ s Law. Accordin to the calculation based on the ionic
radii, before the reducing treatment, the average B-site radius (𝑅𝐵 ) of BCF8515 is 0.967
Å, which is smaller than the one after reducing as 1.035 Å. With keeping the same radius
of A-site Ba2+ cation, a larger 𝑅𝐵 leads to a bigger (112) plane distance that is consistent
with the XRD pattern observation.
Subsequently, reduced BCF powder was further treated under the flowing air at
900oC for 24 h (assigned as BCF-Reoxidized). As a result, the cubic phase was partially
recovered with the obviously lower relative intensity of peaks than the ori inal BCF’s cubic
phase, and its characteristic peak shifts to the high degree side. Similar to the previous
discussion, the peak shifting phenomenon is ascribed to the 𝑅𝐵 change. Assuming both Ce
and Fe in BCF1585 are reduced to the lowest oxidation state, 𝑅𝐵 turns into 0.955 Å. Thus,
partial oxidation of these two elements from the lowest oxidation state results in a larger
𝑅𝐵 compared with the value of BCF1585 (0.768 Å) in the original BCF, which leads to the
peak shifting. In conclusion, the crystal structure variation along with reduction and
reoxidation treatment at 900oC proves our assumption that the ionic radius change affects
and controls the phase formation of BCF perovskite-perovskite nanocomposite structure.
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Figure 3.2. SME images for (a) as-prepared BCF powder, (b) 24 h reduced BCF powder, and (c) reoxidized BCF powder.

SEM images were employed to investigate these three kinds of BCF samples to
analyze microstructure change according to the phase transition mention above. As shown
in Fig. 3.2a, as-prepared BCF exhibits the smallest grain sizes and the most homogenous
distribution. After the subsequent reduction and reoxidation process, grains get bigger and
denser, and then there are many small particles formed at the grain boundary part after
oxidation. The increased grain size dramatically affects the microstructure of BCF samples,
which may further influence the mass diffusion and lattice transition process during the
further treatment. Especially for the reoxidation treatment, the microstructure
transformation that occurred during the phase transition history also contributes to the
partial recovery of the perovskite-perovskite composite phase structure.
Two batches of control groups were fabricated to understand the effect of phase
transition history during treatments on the recovery of cubic phase after reoxidation. The
first one (BCF-Ar Quenched) was synthesized under flow air but cooling down under the
flowing Ar with a faster cooling rate, which mostly maintained the oxidation state of
multivalent elements at 900oC compared with the natural cooling BCF the thermal
reduction[67]. Thus, the BCF-Ar Quench sample displays the situation of BCF with partial

27

oxidization but without any phase change history. Another one (BCF-Reducing Fabrication)
was fired under 5% H2 instead of air at 900oC and then did the reoxidation with the same
procedure of BCF-Reoxidized sample, which denoted as BCF-RF-Reoxidized. As shown
in Fig. 3.3, BCF-Reducing Fabrication exists the pure single orthorhombic perovskite
phase consistent with the reduction treatment results. Compared with the BCF fabricated
in routine fabrication and reduction procedure, only one step was utilized to form the
reduced crystal structure without intermediate phase change. Therefore, the BCF-RFReoxidized sample achieved the partial recovery of cubic perovskite structure with only
one phase change history. Fig. 3.4 shows the comparison of BCF-Reoxidized, BCF-RFReoxidized, and BCF-Ar Quenched samples to reveal the effects of phase change history
on the recovery of cubic perovskite phase. Consequently, more recovery of cubic phase
could obtain on the sample with less phase change history. In conjunction with the
discussion about SEM results, the phase transition history could greatly affect the
microstructures and the recovery of the cubic perovskite phase by the reoxidation treatment.
Therefore, the perovskite-perovskite composite structure of BCF is not stable under
dry 5% H2 at 900oC, and the cubic phase is able to transform into a pure orthorhombic
perovskite phase which received as a proton-conducting dominant conductor. Moreover,
the microstructure change during the phase transition process greatly affects the phase
structure after reoxidation treatment. Thus, the application of BCF as all three components
of PCFCs requires careful investigation.
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Figure 3.3. XRD patterns of as-prepared BCF under ambient conditions and 5% H2 reducing atmosphere.

Figure 3.4. XRD patterns of BCF fabricated with Ar quench process, reoxidized samples of reduced BCF,
and reducing fabricated BCF samples.
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3.3.2 Investigation of the Electrochemical Properties along with the Phase Transition
Two temperatures (600oC and 750oC) were chosen to test the performance of BCF
for practical application. Similar to the treatment process discussed above, the reduction
under 5% H2 and reoxidation under air was conducted at 600oC and 750oC (Fig. 3.5). Along
with the decrease of treatment temperature, the lower reduction occurred on as-prepared
BCF samples while the 600oC kept almost the same relative intensity for each phase
compared with the as-prepared BCF powder, which is reasonable based on the activity of
reduction effected by the temperature. Furthermore, after the reoxidation, the cubic phase
amount does not show a noticeable change with apparent shifting to a higher degree
direction consistent with the radius decreasing by the reoxidation process. Thus, the
treatment temperature of 750oC shows the best investigation point due to the proper phase
change amount that was containing two kinds of phases with apparent relative amount
variation.

Figure 3.5. XRD patterns of reduced and reoxidized BCF powders at both 600oC and 750oC.
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To evaluate the phase change effect on BCF’s electrochemical properties, the EIS
was performed on a BCF symmetric cell with switching atmospheres between wet 5% H2
and wet air, more like the practical operating conditions. Under wet 5% H2, the ASR value
of BCF electrode is continuously increasing along with the treatment time, even though the
atmosphere changed into wet air in the 25-48 h range. On the contrary, the ASR gets almost
stable in oxidation condition with the value of 0.43 Ω·cm2 (Fig. 3.6a), which is bigger than
the value ~0.11 Ω·cm2 obtained by testing symmetric cell at 700oC in the air[57]. This
undesirable performance of BCF agrees with the previous discussion that the partial
recovery of perovskite-perovskite structure and microstructure change. Typical impedance
spectra at 24 h, 48 h, and 72 h (refer to the end time points for each condition) are shown
in Fig. 3.6b. Obviously, the Nyquist plot in reducing atmosphere has two arcs, and the
high-frequency one responses for the major change of ASR value. However, as for under
wet air conditions, the plot only has one single arc with a similar value of the low-frequency
arc under reducing atmosphere, which gives a clue that the dominant charge carriers are
different under these two circumstances.
For an in-depth insight into the resistance change and the phase change behavior,
the distribution of relaxation time (DRT) method was applied to unravel different
elementary steps that cannot be clearly determined in the EIS as mentioned above [68-71].
As shown in Fig. 3.6c-e, five peaks can be observed in the curve of (τ) vs. τ (relaxation
time), denoted as P1–P5, ranging from low relaxation time (LRT) to high relaxation time
(HRT). The peaks indicate the possible five processes detectable for BCF under each
condition. The LRT range P1 and P2 below 10-4 are related to the charge transfer at the
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interface. The middle relaxation time (MRT) range P3 near 10-3 is associated with ion
diffusion. And the HRT range P4 and P5 above 10-2 represents the gas diffusion and
adsorption processes at the surface[70].

Figure 3.6. (a) ASR value change along with test procedure. (b) Typical impedance spectra of the BCF
symmetric cell at the end of each test under different atmospheres. DRT analysis of the impedance spectra
obtained at different time points under (c) wet 5% H2, (d) wet air, and (e) switching back to wet 5% H2.
And (f) the summary of DRT analysis of impedance spectra shown in (b).

Figure 3.7. XRD patterns of BCF powders at the end of different atmospheres (24 h) during the
atmosphere switching treatment between wet 5% H2 and wet air.
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In order to help identify the corresponding electrochemical processes for each peak,
related crystal structures under different atmospheres are required. Fig. 3.7 summarized
the crystal structure evolution during the gas switching treatment process. After treated
BCF powders 24 h under wet 5% H2 and then another 24 h switching into wet air, similar
reduction and reoxidation behavior occurred like the one described in Fig. 3.5 at 750oC but
slightly higher of cubic phase than dry atmospheres. Interestingly, after changing back to
wet 5% H2 for another 24 h, the amount of cubic perovskite phase increased under reducing
atmosphere, with the characteristic peak around 30.5o bigger than that after first treated
under wet 5% H2 and smaller than after the reoxidation, which indicates the oxidation
degree of Ce and Fe gets higher than the reduced BCF but lower than the one obtained
under wet air. In other words, the introduction of water in reducing atmosphere after phase
transition may promote Ce and Fe’s oxidation to transform the orthorhombic phase into
the cubic one.

Figure 3.8. XRD patterns of BCF powders at the end of each treatment atmosphere (24 h for every
process).
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Another batch of BCF powder was treated under a reducing atmosphere with
different partial pressure of hydrogen (𝑝𝐻2 ) and water (𝑝𝐻2𝑂 ) at 750oC to double confirm
this phenomenon. Under the dry atmospheres with the increased 𝑝𝐻2 from 5% to 100%, a
higher reduction degree was achieved under higher 𝑝𝐻2 . However, when the water was
added, the oxidation happened again even in wet H2, and the corresponding relative
intensity of cubic phase is dry H2< dry 5% H2< wet 5% H2< wet H2. BCF+20mol% NiO,
in which the NiO was added to improve the electronic conductivity and the catalyst for the
H2 absorption, was utilized to characterize and analyze impedance spectra under different
atmospheres combined with the DRT method. As shown in Fig. 3.9a, with the atmosphere
changing from dry 5% H2 to dry H2, wet 5% H2, and then wet H2 as the same sequence in
Fig. 3.8, the ASR values show apparent decrease indicated that the protonic conduction
exhibited and dominant inside the sample which greatly affected by 𝑝𝐻2𝑂 and 𝑝𝐻2 .
Considering the generation of MIEC cubic phase, the extra conduction under wet
atmospheres also contributed to the ASR decrease. Comparing the DRT result for the
sample under wet 5% H2 with the one in Fig. 3.5c, the most conspicuous change is the
neglectable P2 for the BCF+20mol% NiO sample except the one under dry H2 atmosphere.
For P1, the intensity of (τ) is reversed with the order of the relative amount of cubic phase,
which is MIEC oxide. P1 in the LRT range referred to as the charge transfer, P1 is more
prone to the electronic transfer process at the interfaces between two perovskite phases,
considering the protonic conduction dominates the conduction process under reducing
atmosphere. Thus, the P2, which also locates in the LRT range, responds to the interface's
protonic transfer. This process was promoted with almost neglectable intensity by the extra
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catalytic activity of Ni, except the one under dry H2 with the sluggish electronic transfer,
which may leg down the protonic transfer. P3, in the MRT range, shows a strong
dependence of 𝑝𝐻2 , while the intensity of (τ) decreases along with the increase of 𝑝𝐻2 ,
indicating P3 represents the intragrain proton diffusion. P4 shows the dependence of 𝑝𝐻2𝑂
and exhibits the same tendency along with the relative amount of cubic phase change,
which hints that P4 may represent the H2O decomposition and O2- diffusion at the surface
of materials, especially at the cubic phase. Last, P5 reveals the dependence of both 𝑝𝐻2 𝑂
and 𝑝𝐻2 ,and takes the responsibility of H2O absorption at the surface.

Figure 3.9. (a) ASR value change along with atmosphere change. (b) DRT analysis of the impedance
spectra obtained at the end of each atmosphere.

Based on the discussion above, more details could be gained about the DRT results
for BCF under switching atmospheres shown in Fig. 3.6. When the cell is exposed to wet
5% H2 for the first 24 h, the major phase structure change is the decrease of the cubic
perovskite phase. As displayed in Fig. 3.6c, P1 and P2 greatly increase along with the phase
change, which manifests the electronic and the protonic transfer at the surface get more
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resistive. P3, corresponding to the protonic diffusion, shows a slight increase along with
treatment time, which may be hindered by the increasing resistance of charge transfer at
the interface (P1 and P2), while P4 and P5 keep steady almost neglectable. When changing
the atmosphere into wet flowing air, the relative amount of cubic phase kept almost the
same, but the main peak of cubic phase shifts to higher degree, compared with the reduced
BCF sample, due to the increase of Ce and Fe oxidation states (Fig. 3.7). Thus, along with
the increase of oxidation state, the electronic transfer is impeded, showing the great
increase of P1. Simultaneously, P2 also slightly raises depending on the change of P1. As
the oxidation reaction is almost done, extra oxygen ionic conduction in the cubic perovskite
phase promotes all processes associated with P3-P5[59]. As the cell was put back into wet
5% H2 again, P2 exhibits a drastic increase with a steady P1 resulting from the higher cubic
phase. And the change of P3 corresponds. Fig. 3.6f summarized the DRT plot for
impedance spectra shown in Fig. 3.6a obtained at the end of each treatment atmosphere
(24 h, 48 h, and 72 h, respectively). All processes P1-P5 under 5% H2 have bigger intensity
than under air condition, especially for P1-P2 responding charge transfer processes at the
interface.
Consequently, the BCF under reducing atmospheres at a lower temperature of
750oC shows a continuous change versus the reaction time, which may lead to undesired
consequences in the practical application.
Based on the electrochemical properties change along with phase change under, the
electronic conduction shows a strong dependence on the atmosphere resulting in phase
structure change. Thus, there should be a potential was built when bias was applied on a
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dense BCF pellet. The dense pellet sample was sintered at 1300oC for 12 h with
homogenous distribution of two-phase and grain sizes (Fig. 3.10). As shown in Fig. 3.11,
when air | 5% H2 was applied at 900oC, the OCV increase from near-zero to ~14 mV and
get stable at that value after 24 h. After using H2 to replace 5% H2, the OCV firstly jumps
to ~500 mV and then decreased to ~470 mV around 30 h. The bias was changed back to
air|5% H2 to check the pellet's stability. The potential rapidly drops to ~25 mV and keeps
~16 mV in the following several hours, which indicates that the pellet is still gas tighten
and has a slight higher reduction degree with lower electronic conductivity. When the bias
changed back, the OCV fully recovered at ~ 470 mV with some fluctuation. Thus, stable
potentials could be built when applied biases on BCF dense pellets. However, this potential
is still lower than the theoretical value indicating a large amount of current leakage
happened at this condition.

Figure 3.10. Back-scattering SEM image for the dense BCF pellet sintered at 1300oC for 12 h, while the
dark phase (the darker grains refer to the Fe-rich cubic perovskite phase, while the lighter ones stand for the
Ce-rich orthorhombic perovskite phase).
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Figure 3.11. Atmosphere dependence of open circuit voltage.
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3.3.3 Demonstration of Button Cells Based on BCF
We fabricated a cell with the configuration of BCF | BCF | BCF+65% NiO to
demonstrate the possibility of utilizing BCF as the primary material, which could further
reduce the fabrication difficulty. Fig. 3.12 shows the microstructure of the cell after the
test, which maintained the morphology with dense BCF electrolyte layer and porous BCFbased electrodes fabricated by the co-pressing method. Fig. 3.13a displays the OCV change
along with the treatment under both 5% H2 and H2 for 24 h at 600oC, a representative
temperature for PCFC’s operation. The voltage stabilized around ~300 mV at the end.
Unlike a PCFC, which always has higher OCVs at lower temperatures, the cell has lower
OCV than ~470 mV obtained by the dense pellet tested at 900oC discussed above. This
phenomenon could contribute to the lower reduction degree of cubic phase at 600oC
compared with that at 900oC, as discussed previously. The EIS shown in Fig. 3.13b shows
that the electrolyte layer has high ohmic resistance indicating that even though the current
leakage exhibits inside the electrolyte layer, the electronic conduction is relatively low,
which could be further improved to obtain better performance working as the cathode of
PCFCs. Correspondingly, the maximum power density is reasonably low at 1.8 mW·cm-2.
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Figure 3.12. The cross-sectional morphology of the single cell with BCF for all three components after
testing.

Figure 3.13. (a) OCV changes along with atmosphere change and test time, (b) the impedance spectrum of
BCF | BCF | BCF+65% NiO cell tested at 600oC, (c) corresponding I-V and I-P curves of the cell.
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Figure 3.14. (a) Single-cell I-V and I-P curves measured at various temperatures in a dry hydrogen
atmosphere. (b) The EIS data for fuel cells tested at 550oC-700oC. (c) The polarization resistance, ohmic
resistances, and total resistances are determined from the EIS. (d) The cross-sectional morphology of the
single cell after testing.

Another cell was fabricated based on the half-cell of BCZYYb with the
configuration of BCFC | BCZYYb | BCZYYb + 60wt% NiO to evaluate the performance
of BCF as the cathode of PCFCs. Fig. 3.14 summarizes the cell performance and EIS
analysis for the single cells at 550oC-700oC under the H2/air gradient and the SEM image
of the tested cells. The I-V and I-P curves (Fig. 3.14a) show that the single cells' opencircuit voltages (OCVs) at 700oC, 650oC, 600oC, and 550oC, respectively, are 1.003 V,
1.005 V, 1.024 V, and 1.047 V, which are close to the theoretical OCV values at these
temperatures, indicating the negligibly small electronic leak through electrolyte film and
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the excellent gas-tight cell sealing. The peak power densities at each temperature are 265,
175, 133, and 86 mW·cm2, respectively. Fig. 3.14b presents the open circuit EIS analysis
results for the single cells under Air/H2 gradient at different temperatures. The
experimental data markers of the Nyquist plot measured at investigated temperatures of
550-700oC have intercepts on the Z-real axis, ascribing to the ohmic resistance (RO). The
rest of the data markers at the lower frequency range respond to the polarization resistance
(RP). The fitting spectra by ZView software using the equivalent circuit model (inset in
Fig. 3.14b) allowed the determination of RO, RP, and the total resistance RT. The RO
decreases from 1.43 Ω·cm2 to 0.65 Ω·cm2 as the temperature rises from 550oC to 700oC.
The calculated conductivities of the electrolyte film are 1.7 mS·cm-1, 2.2 mS·cm-1, 2.8
mS·cm-1 and 3.8 mS·cm-1 at 550oC, respectively, 600oC, 650oC, and 700oC, based on the
electrolyte thickness of 25 μm (Fig. 3.14d). The values are much larger than the
conductivities at corresponding temperatures for the BCZYYb pellet measured under wet
5% H2. Therefore, there must have some extra resources for the high ohmic resistances,
which need further investigation. The polarization ASRs (RP) at 700oC, 650oC, 600oC, and
550oC are 0.14, 0.33, 0.52, and 1.07 Ω·cm2, respectively. Comparing with the PCFC
reported with BCF as the cathode at 600oC, the RP is around 0.75 Ω·cm2 is bigger than our
value[44], which indicates the improvement of the performance of BCF prepared by our
modified Pechini method as the cathode. Thus, the modified Pechini method derived BCF
is a good start point to develop novel triple-conducting composite materials. Fig. 3.14d
shows the SEM image of the single-cell cross-section after the performance testing. The
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adhesion between the cathode and the electrolyte is still excellent. The cathode and anode
layers are keeping good porosity.
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3.4 Conclusions
In this work, a detailed investigation of properties for BCF was conducted by XRD,
SEM, BS-SEM, EIS, and DRT characterization methods. As a result, both phase structure
and microstructure are changed along with the atmosphere variation. Furthermore, mixed
conduction (co-ionic conduction and electronic conduction) was confirmed and changed
based on the phase composition under different conditions, leading to an undesirable
decreased conductivity under reducing atmospheres which strongly limits the application
of BCF. The demonstration of the button cell with the BCF as the cathode, our modified
Pechini method, and fabrication condition offer better performance as the cathode than the
previous report’s values. Thus, the BCF is a good candidate starting material to develop
novel triple conducting cathode materials by improving the electronic conductivity.
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CHAPTER FOUR
TRIPLE CONDUCTING PEROVSKITE-PEROVSKITE NANOCOMPOSITE
CATHODE MATERIALS FOR PROTONIC CERAMIC FUEL CELLS
Modified from a paper published in Journal of Power Sources (DOI:
10.1016/j.jpowsour.2019.227609)
In the previous chapter, we investigated crystal structure and electrochemical
properties of one-pot derived perovskite-perovskite composite BCF and discussed the
feasibility of BCF working as all three components for PCFCs. As a result, BCF showed
great potential as a triple-conducting cathode material of PCFCs with a comparable
performance of state-of-the-art cathode material BCFZY0.1.
Unlike the phase-pure triple-conducting materials, composites have more
flexibility to improve their performance by adjusting compositions with useful dopants.
Thus, in this chapter, we report developing novel perovskite-perovskite nanocomposites to
achieve stable active high-performed cathode material candidates for PCFCs. A stable
twin-perovskite nanocomposite of Ba-Ce-Fe-Co-O shows the high-performance as the
cathode of PCFCs. In comparison to most state-of-the-art PCFC cathodes, the symmetrical
cells showed relatively low cathode area-specific resistance. Under the Air/H2 gradient, the
single cells showed a low polarization resistance of 0.075 Ω·cm2 and a high peak power
density of 335 mW·cm2 at 700oC.
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4.1 Introduction
In recent years, intermediate-temperature (300-700oC) protonic ceramic fuel cells
(PCFCs) have demonstrated outstanding performance[5, 7, 23, 72, 73] after the discovery
of stable and highly conductive electrolytes and the invention of single cells fabrication
technologies at moderate firing temperatures. However, the slow intermediate-temperature
oxygen reduction reaction (ORR) kinetics of the current generation of PCFC cathodes has
presented the most significant challenges for further improvement of the PCFC
performance[74].
Mixed ionic and electronic conducting (MIEC) perovskite oxides were initially
studied as cathodes for intermediate-temperature PCFCs because of their welldemonstrated ORR performance for the conventional oxygen ion-conducting solid oxide
fuel cells (SOFCs)[75, 76]. Although decent ORR activities were obtained PCFCs, the
area-specific resistances (ASRs) of the MIEC cathodes were usually much higher than
those working on oxygen ion-conducting SOFCs. The involvement of water formation and
diffusion and oxygen diffusion and reduction on PCFC cathodes requires the triple
conduction of oxygen ions, protons, and electrons to achieve the best possible
performance[77, 78]. The insufficient proton conductivity of the MIEC cathodes makes
them intrinsically faulty materials for PCFC cathodes. The mixed protonic and electronic
conducting oxides did not show promising PCFC cathode performance because of the lack
of oxygen ion conductivity[79]. Alternatively, the microcomposite cathodes (Fig. 1a)
comprised of protonic conducting (PC) phase and MIEC phase commonly prepared by
mechanically mixing crystallized powders can garner the triple conductivity (O2-/H+/e-),
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which significantly improved the PCFC cathode performance[51]. However, the
mechanical mixing method usually resulted in the microsized PC and MIEC phases[50].
The corresponding long (O2-/H+/e-) transport paths, low area of active interfaces, and poor
two-phase percolation in the microcomposite cathodes inevitably make it difficult to
improve the cathode performance further. Also, the microcomposite cathodes prepared by
the mechanical mixing method usually are not under thermodynamic equilibrium, which
drives the sluggish solid-state reaction to form new interface impurities, emergent
phase[10], or slow adjustment of phase composition resulting in ORR performance
degradation. The infiltration is another promising method to improve further the cathode's
performance [45, 80]. Interfaces between the infiltrated phase and electrode scaffold were
significantly modified by good contact. However, coarsening, structure degradation and
other problems are still challenges of application[81]. A significant improvement of the
PCFC ORR kinetics was recently obtained by developing phase-pure triple-conducting
oxide cathodes through heavily doping PC perovskite oxides with transition metals such
as Fe, Co, and Ni[5, 52]. The discovery of the new triple conducting oxide cathode
materials attracted increasing attention because the whole surface of the cathode was
activated for ORR[78]. However, the confinement of multiple elements in one crystal
structure (e.g., Ba, Co, Fe, Zr, Y in a cubic perovskite structure) significantly limited the
further discovery of new triple conducting oxide cathode materials using the same doping
strategy. Furthermore, fundamental physical constraints on the coexistence of proton and
electron/oxygen ion conductivities are still a significant challenge for freely adjusting the
triple conductivities in the phase-pure compound[54].
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A composite material with a nominal composition of BaCe0.5Fe0.5O3-δ (BCF) was
obtained by one-pot synthesis and was identified to comprise of PC phase of
BaCe0.85Fe0.15O3-δ and MIEC phase of BaCe0.15Fe0.85O3-δ. The triple-conducting was
demonstrated by working as the cathode of a PCFC or a SOFC, hydrogen permeation
membrane, and the membrane reactor[44, 57-59]. Compared with the traditional
mechanical mixing and infiltration methods, the one-pot modified Pechini synthesis
method could improve the stability of as-prepared composites and produce more activated
sites. As discussed in the previous chapter, BCF fabricated by our modified Pechini method
achieved better performance than the reported polarization resistance of BCF directly firing
at 1000oC. Compared with phase-pure materials with the solubility-limited extrinsic dopant
(e.g., Y) concentration, the doping strategy is more feasible for composites for further
performance improvement. Therefore, we designed and fabricated novel perovskiteperovskite nanocomposite cathodes (PPNCCs) comprised of PC and MIEC nanophases by
doping redox-active transition metal Co and low oxidation state element Y, which benefit
electronic conductivity, the catalytic activity of ORR, and proton uptake[74]. The PPNCCs
have the potential to independently adjust the PC and MIEC phase composition for
achieving the desired triple conductivities. Compared with microcomposite cathodes, the
PPNCCs have shorter transport paths for the charged species and higher active interface
concentration between PC and MIEC phases[82]. The one-pot Pechini synthesis method
was used to form stable well-percolated PC and MIEC nanocomposites, further garnering
cathode stability and activity. In this work, several PPNCCs of Ba-Ce-Fe-Co-O, Ba-CeCo-O, and Ba-Ce-Y-Fe-Co-O were synthesized. Ba-Ce-Fe-Co-O with a nominal
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composition of BaCe0.4Fe0.4Co0.2O3-δ (BCFC) achieved comparable cathode performance
to the highest state-of-the-art ones, which successfully proved the designed PPNCC
concept (Fig. 1b) for opening a new avenue toward the high-performance PCFC cathodes.

Figure 4.1. Schemes of preparation, phase structure, interface area, and reactions of (a) microcomposite
cathodes and (b) perovskite-perovskite nanocomposite cathodes, respectively. PC: protonic conducting;
MIEC: mixed ionic and electronic conducting.

49

4.2 Experimental
4.2.1 Preparation of PPNCCs Precursor Powders
PPNCC precursor powders, with nominal compositions of BaCe0.4Fe0.4Co0.2O3-δ
(BCFC), BaCe0.5Co0.5O3-δ (BCC) and BaCe0.3Y0.2Fe0.3Co0.2O3-δ (BCYFC), were
synthesized by a modified Pechini method. Stoichiometric amounts of Ba(NO3)2 (99+%,
Alfa Aesar), Ce(NO3)3·6H2O (99.5wt%, Alfa Aesar), Fe(NO3)3·9H2O (98+%, Alfa Aesar),
Co(NO3)2·6H2O (98-102%, Alfa Aesar), and Y(NO3)3·6H2O (99.9%, Alfa Aesar) were
dissolved into deionized water. EDTA and citric acid were added at a mole ratio of 1.5:
1.5: 1 for EDTA: citric acid: total metal ions under magnetic stirring. NH3H
· 2O was then
added to dissolve salts totally by adjusting pH value around 10. The clear solute was heated
to 80-90oC to evaporate the water for forming a viscous gel. The gel was dried in a box
oven at 150oC for 48 h to form a dark charcoal-like primary powder, which was then fired
at 600oC for 5 h followed by ball milling for 7 days in 1-butanol. The cathode precursor
powders were obtained by solvent filtration followed by further drying at 500oC for 5 h.
The cathode precursor powders were further ball-milled in isopropanol for the preparation
of cathode paste.
4.2.2 Preparation of Precursor Powders of the Anode and the Electrolyte
Precursor powders of anodes and electrolytes were prepared by mechanically
mixing raw material powders by ball milling in isopropanol followed by oven drying. The
preparation can be described using the electrolyte BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BCZYYb) +
1wt% NiO precursor powder as an example follow. Proper amounts of BaCO3 (Alfa Aesar,
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99.8%), CeO2 (Alfa Aesar, 99.9%), ZrO2 (Alfa Aesar, 99.7%), Y2O3 (Alfa Aesar, 99.9%),
and Yb2O3 (Alfa Aesar, 99.9%) in a stoichiometry ratio of BCZYYb and additional 1wt%
NiO as a sintering aid were ball-milled for 48 h with 3 mm yttria-stabilized zirconia balls
grinding media and isopropanol as grinding solvent. The slurry was then heated at 150oC
in a box oven for 48 h to get fully dried. Anode BCZYYb + 65wt% NiO+ 20wt% starch
was prepared by mixing with BaCO3, CeO2, ZrO2, Y2O3 Yb2O3, 65wt% NiO, and extra
20wt% starch using the same procedure.
4.2.3 Preparation of Electrolyte and Cathode Precursor Pastes
Pastes of electrolyte and cathode precursors were prepared according to the
following procedure. First, the mixture consisting of precursor powder, dispersant (20wt%
solsperse 28000 (Lubrizol) in terpineol solution), and binder (5wt% V-600 (Heraeus) in
terpineol solution) in a weight ratio of 15:3:1 was mixed by manually grinding for 45 min
in an agate mortar with an agate pestle.
4.2.4 Preparation of BCFC Dense Pellets
The BCFC dense pellets were prepared as the following procedure. BCFC
precursor powders were firstly calcined at 900oC for 5 h, then dry-pressed under 350 MPa
for 120 s in circular carbon-aided steel die set, which have a diameter of 19 mm and a
thickness of ~1 mm. Subsequently, the green pellets were sintered at 1200oC for 12 h.
4.2.5 Powder Redox Cycle and Treatment with Controlled Atmospheres
As-prepared BCFC powder (firing BCFC precursor powders at 900oC for 5 h) was
placed in a tube furnace with a flow rate of 50 mL·min-1 in a 5% H2 atmosphere. With a
5oC/min ramping rate, the furnace was heated up to 900oC and hold for 24 h. After cooling
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at the same rate to room temperature, the re-oxidation of BCFC powder was conducted by
heating reduced BCFC powder to 900oC in air, and all other conditions keep the same.
4.2.6 Fabrication of Symmetric Cells
Symmetric cells were fabricated in the electrode | electrolyte | electrode
configuration. The BCZYYb electrolyte pellets were fabricated by the solid-state reactive
sintering method described as follows. The BCZYYb + 1wt% NiO electrolyte precursor
powders were pressed into green pellets under 350 MPa for 120 s in the circular carbonaided steel die set. The green electrolyte pellets have a diameter of 19 mm and a thickness
of ~2 mm. After sintering at 1450oC for 18 h, the BCZYYb electrolyte pellets were
obtained. After that, the cathode precursor paste was screen printed on both sides of the
polished electrolyte pellets and then annealed at 800oC-950oC for 5 h. Silver mesh (Alfa
Aesar, item number 40936) and gold wire (Alfa Aesar, item number 00725) were attached
to the electrode surfaces to work as current collectors and mechanical support lead wire.
Silver paste (Alfa Aesar, item number 44075) was also applied as electrodes to make
symmetric cells for comparison.
4.2.7 Fabrication of Single Cells
The anode green pellets were obtained by dry-pressing under 350 MPa for 120 s in
circular carbon-aided steel die set, which has a diameter of 19 mm and a thickness of ~ 2
mm. Electrolyte layers were applied on both sides of green anode pellets by screen-printing
method, followed by firing at 1450oC for 18 h. Fired pellets were polished to remove the
extra electrolyte layer and were screen-printed with BCFC paste (~20 µm) of 12 mm in
diameter on the electrolyte layer. Subsequently, the whole structure was fired at 900oC for
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5 h. Single cells in porous anode | dense electrolyte | porous cathode structures were
obtained. Silver mesh and gold wire worked as current collectors, attached to the electrode
surfaces using silver paste.
4.2.8 Characterization
Microstructures were characterized by scanning electron microscopy (SEM) of a
Hitachi S-4800 microscope with 10 kV acceleration voltage and emission current of 10
µA . A Ri aku Ultima V diffractometer usin monochromatic Cu Kα radiation (1.5406 Å)
was utilized to record the powder X-ray diffraction (XRD) patterns. The scanning rate was
1o/min with a step length of 0.02o and a scan range of 20o~80o. The phase structure was
further investigated by high-resolution transmission electron microscopy (HRTEM) of a
Hitachi H-9600 microscope. And the element composition was detected by the Energy
Dispersive X-Ray Spectroscopy (EDX) (Oxford) component on S-4800.
Symmetrical cells were measured by a Gamry Reference 600 Plus Potentiostat
electrochemical impedance spectra (EIS) over a range of temperatures 300oC-700oC under
wet flowing air (through room-temperature water bubbler, 50 mL·min-1) and other
atmospheres for comparison (wet Ar, wet O2, and dry air from 400oC to 700oC, 50
mL/min), using a signal amplitude of 10 mV in the frequency range of 0.01 Hz–5 MHz.
The temperature increased to 700oC with a 2oC/min ramping rate, and the sample was held
to stabilize 1 h at this temperature, and subsequent temperature points down to 300oC with
50oC step size. Results obtained from EIS were further analyzed with ZView software. The
single-cell performance was taken by a Gamry Reference 3000 with cyclic voltammetry,
Potentiostat EIS, and open-circuit voltages (OCVs).
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The electromotive force (EMF) test of the concentration cell was obtained by
applied each side under different atmospheres with controlled gas compositions to
determine the transfer numbers from 400oC to 700oC. The testing concentration cells with
the following construction[83]:
Gas (I), Ag electrode (I) | BCFC electrolyte | Ag electrode (II), Gas (II).
In our case, BCFC involves protons, oxygen ions, electrons, and electron holes for
conducting. Theoretical EMFs (Vcal) could be expressed by Eq. 4.1, in which R is the ideal
gas constant, F is the Faraday constant, T is the temperature, t is the transfer number
(marked with species), and the p is the partial pressure of gas species at different electrode
marked with superscripts of I and II.
Vcal = t H+

RT
2F

ln (

pIH2
pII
H2

RT

pII
O

(4.1)

) + t O2− 4F ln (pI 2 )
O2

As we take the water formation (Eq. 4.2) account, Eq. 1 could be rewritten as Eq.
4.3 under oxidation atmospheres.
(4.2)

2H2 + O2 = 2H2 O
Vcal = (t H+ + t O2− )

RT
4F

ln (

pII
O2
pIO2

RT

pIH O

) + t H+ 2F ln (pII2 )
H2 O

(4.3)

The EMF test was operated with an oxygen concentration cell condition on BCFC
dense pellet samples.
Air-3.12% H2O, Ag electrode (I) | BCFC | Ag electrode (II), O2-3.12% H2O
To calculate the theoretical Vcal, partial pressures in each condition mentioned
above are required and assuming the measured ti equals 1. The transfer number ti can be

54

generated by dividing the measured EMFs (Vmea) to the calculated one (Vcal) as shown in
Eq. 4.4.
ti =

Vmea

(4.4)

Vcal

For example, in an oxygen concentration cell, the at each side are the same. Thus,
Eq. 4.3 transforms into Eq. 4.5.
Vcal = (t H+ + t O2− )

RT
4F

ln (

pII
O2
pIO2

(4.5)

)

Assuming t H+ + t O2− = 1, the ideal gas constant R, the Faraday constant F, the
temperature T, and partial pressures of oxygen are put into the equation, Vcal is calculated.
Moreover, transfer numbers were corrected by considering electrode polarization with Eq.
4.6, in which Rele is the electrolyte resistance, Rtotal is the total resistance, including the Rele,
and the polarization resistance of electrodes[84]. These resistances were determined by EIS
tested by Gamry Reference 3000 and fitted by equivalent circuits.
ti = 1 −

Rele
Rtotal

(1 −

Vmea
Vcal

(4.6)

)
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4.3 Results and Discussion
4.3.1 Fabrication of PPNCCs and Optimization of Synthesis Conditions
Three kinds of PPNCCs were prepared with the one-pot modified Pechini method
at 900oC, similar to preparing BCF in the previous chapter and described in the
experimental section. In addition, the XRD was employed to study the phase composition
for BCFC, BCC, and BCYFC. Fig. 4.2 shows that all three samples maintain a dual-phase
composite structure containing one orthorhombic perovskite phase whose main
characteristic peak is labeled with yellow shadow. However, BCFC exhibits a composite
structure consisting of an orthorhombic perovskite phase and a cubic perovskite phase
(labeled with green shadow) without any impurity, while BCYFC contains a great amount
of BaCO3 impurity and BCC forms a spot of hexagonal perovskite phase instead of a cubic
one. Thus, BCFC shows the greatest potential for a better cathode material than BCF
discussed in Chapter III.

Figure 4.2. XRD patterns of as-prepared BCFC, BCC and BCYFC compared with BCF.
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Figure 4.3. XRD patterns of BCFC precursor powder and BCFC powders calcined at different
temperatures from 800oC to 950oC.

An optimized preparation condition is required for BCFC to achieve the best
performance. The phase compositions of BCFC powders with calcination temperatures
ranging from 800oC to 950oC for 5 h were detected with XRD. Fig. 4.3 shows that before
the calcination, the precursor powder pretreated at 500oC mostly consists of BaCO3 and
amorphous phases. All the calcined specimens exhibit almost identical XRD patterns
except for the minor carbonate impurity and amorphous impurity in the sample calcined at
800oC. Furthermore, the PCFC cathode performance is strongly dependent on the cathode
morphologies governed by the cathode preparation temperatures. Symmetric cells of
BCFC | BCZYYb | BCFC were prepared at temperatures from 800-950oC to optimize the
morphologies for achieving the best cathode ASRs. The ASRs of the symmetric cells were
measured using EIS at different temperatures from 300oC to 700oC, which are displayed in
Fig. 4.4. Obviously, these four specimens could be classified into two groups: the samples
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calcined at 800oC-900oC (group 1) and the samples calcined at 950oC (group 2). For the
samples calcined at 800oC-900oC, the ASRs decreased gradually with increasing the
calcination temperature. By further increasing the calcination temperature to 950oC, larger
ASRs were obtained in most of the test temperature range compared with the other three
samples. Based on the activation energy calculated from ASR plots, the ASR plots could
be separated into a high-temperature range (450-700oC) and a low-temperature range (300450oC). For group 1, the activation energies in the high-temperature range increased with
increasing the calcination temperature. The absolute activation energy values of 0.71-0.84
eV are comparable or even lower than the phase-pure triple conducting oxide cathodes,
while the sample calcined at 950oC displayed a higher value of 1.46 eV. In the lowtemperature range, the samples in group 1 exhibited higher activation energies around 1.371.46 eV, which might result from the insufficiently activated grain boundary conduction
and the oxygen-ion conductivity causing a blockage of conducting pathways inside the
cathode. Similarly, the cathode calcined at 950oC displayed activation energy of only 0.98
eV. Overall, the cathode prepared at 900oC exhibited the lowest ASRs at the studied
temperature range. Fig. 4.5 provides the SEM images of these four BCFC cathodes made
at 800-950oC. The samples prepared at 800-900oC are all comprised of nanosized grains,
while the one made at 950oC shows a larger grain size, which may contribute to the
abnormal phenomenon discussed above. The detailed observation indicates that the sample
calcined at 900oC has a better inter-grain connection than the other three samples, which
garnered the better percolation of the twin-perovskite phase, the prerequisite of the
excellent ORR performance.
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Figure 4.4. Temperature dependence of ASR of BCFC calcined at 900oC which tested under wet air.

Figure 4.5. SEM images of the untested BCFC electrode on symmetric cells calcined at different
temperature, (a) 800oC, (b) 850oC, (c) 900oC and (d) 950oC.
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As shown in Fig. 4.6, after treating as-prepared BCFC under 5% H2 for 24 h at
900oC, the cubic phase was totally converted into an orthorhombic phase. Then, reduced
BCFC powder was further treated under the flowing air at 900oC for 24 h (assigned as
BCFC-Reoxidized). As a result, the cubic phase was partially recovered with a relatively
low amount. These phenomena are similar to that of treated BCF powders discussed in the
previous chapter. It is reasonable to conclude that the BCFC will have the semblable phase
transition behaviors under reducing atmospheres and redox cycle treatments. Thus, BCFC
is further investigated as the cathode material for PCFCs rather than the electrolyte and the
anode scaffold.

Figure 4.6. XRD patterns of as-prepared BCFC, 5% H2 reduced BCFC, and re-oxidized BCFC powders.
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4.3.2 Composition and Microstructure Identification
To obtain detailed phase composition, The Rietveld refinement analysis of the XRD
patterns (Fig. 4.7) of the BCFC sample calcined at 900oC indicates that the BCFC
composite consists of a cubic perovskite (Pm3̅ m) phase and an orthorhombic perovskite
(Pbnm) phase with a ratio of about 4:1. The lattice parameters of the two phases obtained
by the same refinement procedures for the specimens calcined at temperatures of 800oC950oC are shown in Table 4.1. It reveals that the lattice parameters are independent of the
calcination temperature.

Figure 4.7. XRD Rietveld refinement result of as-prepared BCFC calcined at 900oC.

It is a problematic process to quantify the elemental composition of each phase in
the intergrown nanograins shown in Fig. 4.6. In order to get a rough idea about the
elemental composition of each phase in the BCFC nanocomposite, the large-grain
composite BCFC pellets were prepared. Then EDX was utilized in both mapping and point
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detection methods. Limited by the resolution of the EDX, the porous cathode layer with a
small particle size could not be used for point detection. Moreover, the porous structure is
not suited for mapping detection because of the effect on accuracy by geometry. Thus,
dense pellets sintered at 1200oC for 12h were occupied for these quantifications. The area
and positions used for analysis were shown in Fig. 4.8, and the average amount of each
element in different phases was presented in Table 4.2. Based on this result, the element
amount of the large-area composite was similar to the theoretical amount we designed with
a calculated phase ratio of cubic: orthorhombic=6:11, considering the accuracy of EDX
quantification. However, the pellet was sintered at 1200oC, much higher than the
calcination temperature of the cathode layer. Therefore, the element composition may
change due to the increasing temperature. Only the tendency could be concluded that the
orthorhombic is a Ce-rich phase, and the cubic phase is a Fe-rich phase.

Table 4.1. Lattice parameters of each phase in BCFC samples treated at different temperatures

950oC
900oC
850oC
800oC

Phases

a

b

c

Orthorhombic

6.2291(6)

6.2088(1)

8.7696(5)

Cubic

4.0950(0)

4.0950(0)

4.0950(0)

Orthorhombic

6.1978(3)

6.1796(3)

8.7331(1)

Cubic

4.0770(5)

4.0770(5)

4.0770(5)

Orthorhombic

6.2134(0)

6.2196(0)

8.7594(2)

Cubic

4.0969(2)

4.0969(2)

4.0969(2)

Orthorhombic

6.2083(4)

6.1963(1)

8.7077(4)

Cubic

4.0962(7)

4.0962(7)

4.0962(7)
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Figure 4.8. SEM images of areas and points on BCFC pellet sintered at 1200oC for composition
identification by EDX: (a) Cross-sectional area used for average composition identification, and (b-f)
surface locations for phase composition identification (brighter grains: orthorhombic perovskite phase,
darker grains: cubic perovskite phase).

Table 4.2. Element molar percentage for BCFC pellet sintered at 1200oC (Normalized numbers based on
Ba amount were shown in brackets)

Phase

Ba

Ce

Fe

Co

Large Area
Composite

51.28% (1.00)

18.97% (0.37)

20.00% (0.39)

9.75% (0.19)

Orthorhombic
Perovskite

51.55% (1.00)

30.41% (0.59)

11.86% (0.23)

6.18% (0.12)

Cubic
Perovskite

51.02% (1.00)

12.76% (0.25)

24.49% (0.48)

11.73% (0.23)

Furthermore, the HRTEM was used to identify the morphology and crystal
structures of the BCFC powders. Fig. 4.9a indicates that the nanograins are interlocked
into a nanocomposite framework. The selected area electron diffraction (SAED) pattern
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(Fig. 4.9b) obtained from this region displays the polycrystalline diffraction rings of the
BCFC composite, which is further converted into the intensity profile displayed as a radial
average shown in Fig. 4.9c. It is evident that all SAED peaks are consistent with those
acquired from XRD and indicate a clear separation between the cubic (110) and
orthorhombic (112) reflections, confirming the successful fabrication of the PPNCCs.
Furthermore, the HRTEM image taken from two overlapped grains (Fig. 4.9d) reveals the
atomic structures of the two perovskite phases, in which the cubic (110) lattice distance of
0.288 nm and the orthorhombic (112) lattice distance of 0.307 nm are clearly resolved. The
enlarged HRTEM images of both phases and the corresponding fast Fourier transform
(FFT) patterns are displayed in Fig. 4.9f-i, respectively. By applying FFT filters on the
characteristic reciprocal reflections and coding with pseudo colors, the cubic BCFC grain
(shown in purple) and the orthorhombic BCFC grain (shown in green) can be visually
identified separately, as illustrated in Fig. 4.9e. Overall, the TEM characterization
elucidates that the PPNCCs composed of cubic and orthorhombic grains are uniformly
distributed in the fabricated specimen, while the nano-grains of these two phases are locally
coupled together in the close vicinity to each other.
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Figure 4.9. Structure characterization of BCFC prepared at 900°C: (a) TEM image and (b) selected-area
electron diffraction (SAED) pattern of as-prepared BCFC nanocomposites. (c) radially averaged intensity
profile of the SAED shown in (b) as compared to the XRD pattern to indicate the coexistence of cubic and
orthorhombic perovskite phases. (d) the HRTEM image of BCFC nanocomposite grains in cubic and
orthorhombic perovskite phases. (e) FFT-filtered HRTEM image obtained from (d) to show the overlap of
cubic perovskite (purple) and orthorhombic perovskite (green) grains outlined by the dashed lines. (f)
enlarged HRTEM image and (g) the corresponding FFT reflections of the cubic BCFC grain in (d). (h)
enlarged HRTEM image and (i) the corresponding FFT reflections of the orthorhombic BCFC grain in (d).

4.3.3 Investigation of Electrochemical Properties
The ASR of BCFC symmetric cell measured by EIS under wet flowing air was
compared with BCF discussed in Chapter III, one of the most advanced phase-pure tripleconducting cathode BCFZY0.1[5], and other more than 50 kinds of state-of-the-art PCFC
cathodes including MIEC, mixed protonic and electronic conducting, microcomposite,
triple conducting oxide cathodes. Firstly, ASRs of BCFC exhibit the lowest values than
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BCF and BCFZY0.1, all fabricated based on BCZYYb electrolyte (Fig. 4.10a). This
excellent result indicates the improvement of the performance by doping Co inside BCF.
Furthermore, perovskite-perovskite nanocomposite BCFC shows relatively lower ASR
values for 400-700oC than most of the listed cathodes, the superior PCFC cathode
performance. It should be noted that the ASR values in Fig. 4.10b were obtained from
different electrolytes. Therefore, only the tendency is meaningful rather than the exact
values[85]. The stability of our BCFC PPNCC was further studied by monitoring the ASR
of symmetrical cells at 700oC in air. Fig. 4.11 indicates that the ASR does not show
noticeable degradation within 50h, which preliminarily proves that our new BCFC PPNCC
is relatively stable.

Figure 4.10. (a) The Arrhenius plot of the ASR for BCFC in wet air with the comparison of ones of BCF
and BCFZY0.1. (b) ASR values of representative cathodes tested as symmetric cell formation under wet air
atmosphere. (The whole list of cathode materials can be found in Table 4.3)
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Figure 4.11. The long-term stability of the ASR of BCFC cathode at 700oC in air based on the symmetrical
cells.

Figure 4.12. (a) Arrhenius plots of the ASR under different 𝑝𝑂 and water 𝑝𝐻
2

2𝑂

conditions. (b) ionic

transfer numbers of BCFC and BCF under oxygen partial pressure gradients.
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Table 4.3. Cathode materials compared in Fig. 4.10b.

Materials

Abbr.

Categories

ASR at
600oC
Ω· 2)

Ref.

BaCe0.4Fe0.4Co0.2O3-δ

BCFC

PPNCCs

0.23

This work

BaCe0.4Sm0.2Fe0.4O3-δ

BCSF

One-pot Nanocomposite

1.97

[86]

La0.5Ba0.5CoO3-δ-BaZrO3
La0.5Ba0.5Co1/3Mn1/3Fe1/3O3δ-BaZr0.9Y0.1O2.95
BaCo0.7(Ce0.8Y0.2)0.3O3-δ

LBC-BZO

One-pot Nanocomposite

1.48

[87]

LBCMF-BZY

One-pot Nanocomposite

0.43

[88]

BCCY

One-pot Nanocomposite

0.11

[89]

BaCo0.4Fe0.4Zr0.1Y0.1O3-δ

BCFZY0.1

Pure Phase Triple-conducting oxide

0.64

[5]

BaCo0.4Fe0.4Zr0.2O3-δ

BCFZ

Pure Phase Triple-conducting oxide

1.04

[52]

Sr2Sc0.1Nb0.1Co1.5Fe0.3O6-δ

SSNCF

Pure Phase Triple-conducting oxide

/

[90]

LiNi0.8Co0.2O2
La0.6Sr0.4Co0.2Fe0.8O3-δBaCO3
BaZr0.4Ce0.4Y0.2O3-δ
Y0.25Bi0.75O1.5La0.6Sr0.4Co0.2Fe0.8O3-δBaCO3
La5.5WO11.25-δ/
La0.8Sr0.2MnO3+δ
La0.7Sr0.3FeO3-δBaZr0.1Ce0.7Y0.2O3-δ
La0.58Sr0.4Co0.2Fe0.8O3-δ

LNC@BCZY

Infiltration Composite

6.57

[45]

BaCO3@LSCF

Infiltration Composite

0.28

[91]

p/d BZCY

Infiltration Composite

0.20

[80]

YSB@LSCF

Infiltration Composite

1.50

[92]

SDC@LWO/LS
M

Infiltration Composite

/

[93]

SSC@LSF-BZCY

Infiltration Composite

4.54

[94]

LSCF@BCZY

Infiltration Composite

0.89

[95]

Ag@BCS

Infiltration Composite

0.11

[96]

SSC@BCS

Infiltration Composite

0.21

[97]

LSCF-BZPY

Mechanical Mixing Composite

0.09

[98]

LSCF-BCY

Mechanical Mixing Composite

1.95

[99]

BSSC–BCPY

Mechanical Mixing Composite

0.19

[50]

LNO–LNF

Mechanical Mixing Composite

14.45

SDC–LNF

Mechanical Mixing Composite

10.90

PBSC-BZCY

Mechanical Mixing Composite

1.68

[101]

LNO-LNF

Mechanical Mixing Composite

13.32

[102]

BSFCu-LSGM

Mechanical Mixing Composite

5.02

BSFAl-LSGM

Mechanical Mixing Composite

2.96

BSFCu-BSCZGY

Mechanical Mixing Composite

15.57

Ag-BaCe0.8Sm0.2O2.9
Sm0.5Sr0.5CoO3-δBaCe0.8Sm0.2O2.9
La0.6Sr0.4Co0.2Fe0.8O3-δBaZr0.5Pr0.3Y0.2O3-δ
La0.6Sr0.4Co0.2Fe0.8O3BaCe0.9Yb0.1O3-δ
Ba4Sr2Sm2Co4O15BaCe0.5Pr0.3Y0.2O3-δ
La2NiO4+δLaNi0.6Fe0.4O3-δ
Sm0.2Ce0.8O2-δLaNi0.6Fe0.4O3-δ
PrBa0.5Sr0.5Co2O5+δBaZr0.1Ce0.7Y0.2O3−δ
La2NiO4+δLaNi0.6Fe0.4O3-δ
Ba0.5Sr0.5Fe0.8Cu0.2O3-δLa0.8Sr0.2Ga0.8Mg0.2O3-δ
Ba0.5Sr0.5Fe0.91Al0.09O3-δLa0.8Sr0.2Ga0.8Mg0.2O3-δ
Ba0.5Sr0.5Fe0.8Cu0.2O3-δBa0.5Sr0.5Ce0.6Zr0.2Gd0.1Y0.1
O3-δ
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[100]

[103]

Ba0.5Sr0.5Fe0.91Al0.09O3-δBa0.5Sr0.5Ce0.6Zr0.2Gd0.1Y0.1
O3-δ
Sr2Fe1.5Mo0.5O6-δBaZr0.1Ce0.7Y0.2O3-δ
Sm0.5Sr0.5CoO3Ce1.8Sm0.2O1.9
BaCe0.4Sm0.2Fe0.4O3-δCo3O4
Sm0.5Sr0.5CoO3-δCe0.8Sm0.2O2-δBaZr0.1Ce0.7Y0.2O3-δ
Pr0.58Sr0.4Fe0.8Co0.2O3-δBaCe0.9Yb0.1O3-δ
BaCe0.4Sm0.2Co0.4O3-δ

BSFAl-BSCZGY

Mechanical Mixing Composite

33.79

SFM-BZCY

Mechanical Mixing Composite

2.56

[104]

SSC-SDC

Mechanical Mixing Composite

0.95

[105]

BCSF–Co3O4

Mechanical Mixing Composite

2.08

[106]

SSC–SDC–BZCY

Mechanical Mixing Composite

1.55

[107]

PSFC-BCYb

Mechanical Mixing Composite

3.01

[108]

BCSC

MPEC

1.28

[44]

La0.6Sr0.4Fe0.8Co0.2O3-δ

LSCF

MIEC

17.36

Ba0.5Sr0.5Co0.8Fe0.2O3-δ

BSCF

MIEC

1.63

PrBaCo2O5+δ

PBC

MIEC

0.53

Pr2NiO4+δ

PNO

MIEC

0.57

Sr3Fe2O7−δ

S3F2

MPEC

2.51

[109]

Ba0.5Sr0.5Fe0.8Cu0.2O3-δ

BSFC

MIEC

8.55

[110]

Nd0.5Ba0.5FeO3-δ

NBF

MPEC

1.26

Nd0.5Ba0.5Fe0.9Cu0.1O3-δ

NBFCu

MPEC

0.95

Nd0.5Ba0.5Fe0.9Co0.1O3-δ

NBFCo

MPEC

1.00

Nd0.5Ba0.5Fe0.9Ni0.1O3-δ

NBFNi

MPEC

1.66

La0.6Sr0.4CoO3-δ

LSC

MIEC

3.22

[112]

SrSc0.175Nb0.025Co0.8O3-δ

SSNC

MIEC

2.90

[54]

Ba0.9Co0.7Fe0.2Nb0.1O3-δ

BCFN

MIEC

0.31

[113]

LaCoO3
Ba0.5Sr0.5(Co0.8Fe0.2)0.9Ti0.1
O3-δ
BaCo0.7Fe0.2Nb0.1O3-δ

LC

MIEC

0.14

[114]

BSCFT

MIEC

3.26

[115]

BCFN

MIEC

/

[75]

BaCo0.7Fe0.2Ta0.1O3-δ

BCFT

MIEC

1.20

[116]

Ca2.7La0.3Co4O9+δ

CLC

MIEC

3.88

[117]

Ba0.5Sr0.5Co0.8Fe0.2O3-δ

BSCF

MIEC

0.50

[118]

[76]

[111]

To identify the ionic conduction inside as-prepared samples, EIS spectra of BCFC
under a various partial pressure of oxygen (𝑝𝑂2 ) and water (𝑝𝐻2𝑂 ) were measured, as
displays in Fig. 4.12a. Solid lines indicate the effect of 𝑝𝑂2 on ASR values. Obviously, the
great decrease of ASRs occurs with the increase of 𝑝𝑂2 from Ar (10-6 atm) to air (0.21 atm),
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which manifests the contribution of oxygen ionic conduction. When further enhance of 𝑝𝑂2
from the air (0.21 atm) to O2 (1 atm), just a slight decrease of ASRs shows up hints that
the almost saturation of oxygen ionic conduction under the wet air condition (𝑝𝑂2 =0.21
atm), which indicates the operation under fuel cell conditions with flowing air at the
cathode side is suitable for the cathodic performance. As for the 𝑝𝐻2 𝑂 effect, comparing
dash line tested under dry air atmosphere with the one under wet air, significant
improvement of performance occurs by adding water. Based on the defect reactions using
Kroger-Vink notation, proton uptake by water incorporation can be described as[5]:
H2 O + V∙∙O + O×O ↔ 2OH∙O
The introduced water promoted the formation of protonic defects for the protonic
conduction. Furthermore, the activation energy increases with increasing partial pressure
(0.92 eV to 0.95 eV) but decreases with increasing water partial pressure (1.08 eV to 0.91
eV). Considering the activation energies for both oxygen ionic and protonic conductions,
the variation of activation energy is another evidence for co-ionic conduction in BCFC.
EMF measurement with concentration cells to determine the ionic transfer number
ti, which refers to the portion of the ionic conduction in the total conduction, is another
useful strategy to determine the ionic conduction in BCFC. By applying oxygen partial
pressure gradient with constant water patrial pressure at two sides of the dense pellet, ti was
generated along with the procedure described in the experimental section and shows in Fig.
4.12b. ti of BCFC displays strong dependence of increasing temperatures while the
electronic conduction dominates the charge transfer, more than 0.985 of transfer number,
in all investigated temperature ranges. With the comparison of ti of BCF (the red plot in
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Fig. 4.12b), lower values of ti belong to BCFC, especially for temperatures above 500oC,
which confirms the contribution of the Co dopant with high electronic conductivity.
4.3.4 Demonstration of a Button Cell with BCFC Cathode
The performance of the BCFC cathode prepared at 900oC was further tested in the
anode-supported PCFC single cells under the H2/Air gradient. Fig. 4.13a provides the I-V
and I-P curves of the single-cell at 600oC -700oC under the H2/air gradient. The open-circuit
voltages (OCVs) of the single cells are 1.036 V, 1.070 V, and 1.097 V at 700oC, 650oC,
and 600oC, respectively, which are close to the theoretical OCV values at these
temperatures, indicating the good single cell sealing and negligible electrolyte electronic
leak. Consistent with most of the other PCFCs, the power density of our BCFC cathodebased single cells monotonically increases with increasing temperature. The peak power
densities are 335, 287 and 237 mW·cm2 at 700oC, 650oC, and 600oC respectively. The
corresponding current densities are 612 mA·cm-2, 507 mA·cm-2, and 421 mA·cm-2,
respectively. Fig. 4.13c presents the EIS spectra recorded on BCFC cathode-based single
cells at different temperatures. All spectra were fitted with the equivalent circuit (inset in
Fig. 4.13d) by ZView software. The total single-cell ASR (RT), the ohmic ASR (RO), and
the polarization ASR of the anode and the cathode (RP, including RPa and RPc) are plotted
in Fig. 4.13b as a function of the temperature. With increasing the temperature from 600oC
to 700oC, both the RO and RP decreased obviously, in which the RPa decreased from 0.042
Ω·cm2 to 0.007 Ω·cm2, the RPc decreased from 0.221 Ω·cm2 to 0.067 Ω·cm2, and the RO
decreased from 0.92 Ω·cm2 to 0.65 Ω·cm2. Based on the electrolyte thickness of 70μm, the
conductivities of the electrolyte layer are 0.0154 S·cm-1, 0.0176 S·cm-1 and 0.0219 S·cm-1
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at 600oC, 650oC and 700oC, respectively, which are close to the values at corresponding
temperatures (0.0140 S·cm-1, 0.0189 S·cm-1, and 0.0258 S·cm-1) for the BCZYYb pellets
synthesized by solid state reactive sintering method. As for the cathode, the RPc in the
button cell is strongly agreed (even lower) with the measured ASR values under wet air
condition at corresponding temperatures (0.235 Ω·cm2, 0.134 Ω·cm2, and 0.007 Ω·cm2 at
600oC, 650oC, and 700oC, respectively). Thus, it is reasonable to conclude that large ohmic
resistance was related to the big thickness of the electrolyte layer. Furthermore, the RP only
occupies 10-20% of the total ASR of the single cells, which means that the RO is
responsible for the main resistance during the operation due to ~70 µm of thickness, and
there is still more space to improve the single performance in the future. Fig. 4.13e shows
the morphology of the cross-section images of single cells after the performance test at
temperatures from 600-700oC. It is clear that the adherence between BCFC cathode and
BCZYYb electrolyte is still firm, and the morphology of the BCFC is still the same as the
as-fabricated BCFC cathode. Thus, the PPNCC BCFC with triple-conduction showed very
promising results as the cathode of PCFCs.
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Figure 4.13. BCFC cathode calcined at 900oC: (a) I-V and I-P curves of single-cell measured under a dry
hydrogen atmosphere at different temperatures. (b) The polarization resistance of the cathode and the
anode, ohmic resistances, and total resistances determined from the EIS. (c) The EIS data for BCFC fuel
cell tested at 600oC-700oC. (d) The fit of the EIS plot of the cell tested at 600oC. The equivalent circuit used
for fitting is shown as the inset in (b). (e) the cross-sectional morphology of a PCFC single cell after testing
with the cross-sectional view of the BCFC cathode inserted.
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4.4 Conclusions
In this chapter, several PPNCC materials were designed and prepared by doping
beneficial elements Co and Y into BCF with a modified one-pot Pechini synthesis method.
Among them, BCFC with a nominal composition of BaCe0.4Fe0.4Co0.2O3-δ exhibits
promising tripe conductivity (O2-/H+/e-). XRD, SEM, and HRTEM confirmed the
formation of the nanocomposites comprised of cubic perovskite phase and orthorhombic
perovskite phase. The interlocked perovskite nanograins make it not trivial to identify the
actual compositions of each perovskite phase, which is under investigation in our
laboratory. The testing of PCFC symmetrical cells demonstrated that BCFC PPNCC has a
relatively lower ASR of 0.075 Ω·cm2 at 700oC than most state-of-the-art PCFC cathodes.
Ionic conduction was successfully confirmed by ASR measurement by varying 𝑝𝑂2 and
water 𝑝𝐻2𝑂 and the EMF test for ionic transfer numbers (ti). The PCFC single-cell testing
achieved peak power densities of 335, 287, and 237 mW·cm2 at 700, 650, and 600oC,
respectively, which can be further improved by optimizing the electrolyte since the total
polarization resistances contribution the single-cell resistance is only 10-20% with the
cathode’s polarization resistances were consistent with the ASR values obtained under wet
air with symmetric cells. These results indicated that the improvement of electronic
conduction by dopant Co and good locally coupled interfaces between two individual
phases offer the great potential to BCFC to open a new avenue toward high-performance
PCFC cathodes. Furthermore, the stable perovskite-perovskite nanocomposites with two
individual phases provide new candidate materials for energy conversion and storage
technologies.
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CHAPTER FIVE
PEROVSKITE-FLUORITE DUAL-PHASE COMPOSITES FOR THE ELECTROLYTE
AND THE ANODE SCAFFOLD OF PROTONIC CERAMIC FUEL CELLS
In previous chapters, we investigated the electrochemical properties of perovskiteperovskite nanocomposite material BaCe0.5Fe0.5O3-δ and developed a new cathode material
candidate BaCe0.4Fe0.4Co0.2O3-δ (BCFC) based on this unique structure by one-pot
modified Pechini synthesis method. Further studies on BCFC were done to understand the
co-ionic conductivity inside this highly electronic conducting material.
This chapter synthesized a series of oxide composites with nominal compositions
of BaCe0.5Zr0.4Y0.1O3-δ (BCZY)-Ce0.5Y0.5O2-δ (YDC) based on the BCZY/YDC molar
ratios of 0.5:1, 1:1, 2:1, and 4:1 (BCZY-YDC-0.5-1, BCZY-YDC-1-1, BCZY-YDC-2-1,
and BCZY-YDC-4-1) using a one-pot solid state reactive sintering (SSRS) method. The
X-ray diffraction (XRD) patterns and refinement proved that the one-pot SSRS could
achieve the perovskite-fluorite dual-phase composites (DPCs) with the desired structure
compositions at 1450oC for 12h. The scanning electron microscopy (SEM) images showed
that the two DPCs of BCZY-YDC-1-1, BCZY-YDC-2-1 formed excellent percolation for
both perovskite and fluorite phases. The electrochemical impedance spectra (EIS)
characterization under varied temperatures and atmospheres using symmetrical cells
proved that changing the BCZY/YDC molar ratio and operating condition could adjust the
DPC’s conduction property to make them suitable for electrolytes and electrode scaffolds
for protonic ceramic fuel cells.
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5.1 Introduction
Solid state ionic materials with high singular ionic (oxygen ion or proton)
conductivity have found extensive applications as electrolytes in many energy conversion,
storage, and harvesting devices for power generation [5, 119], water electrolysis [120, 121],
carbon dioxide utilization [122, 123], ammonia synthesis [124, 125], hydrogen production
and compression [70, 126], and electrochemical sensors [127, 128]. Although most of the
proton conducting oxides behave some degree of oxygen-ion conductivity intrinsically,
until recently, the capability of simultaneous transport of both oxygen ion (O2-) and proton
(H+) in some perovskite oxides began to attract more attention in the applications for
protonic ceramic-based energy devices (e.g., fuel cells, electrolysis cells, and
electrocatalytic membrane reactors). The transport of a small amount of oxygen ion from
the cathode to the anode through the electrolyte in the protonic ceramic fuel cells (PCFCs)
was one of the common strategies for mitigating the coking effect of fuel-flexible PCFCs
[90]. The solid oxide electrolysis cells made from electrolytes possessing oxygen ion and
proton conductivities showed more favorable characteristics (e.g., higher efficiency and
smaller cell size) than the electrolysis cells made from either pure oxygen-ion or pure
proton conducting electrolytes [129]. The electrocatalytic membrane reactors made from
co-ionic (proton and oxygen ion) conducting (CPOC) electrolytes showed a significant
improvement in methane dehydroaromatization (MDA) performance. The simultaneous
removal of hydrogen and addition of oxygen from and to the MDA electrocatalyst through
the CPOC electrolyte shifted the thermodynamic equilibrium to the aromatic direction and
burned the coke on the catalysts to improve the MDA performance [8].
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The phase-pure perovskite oxides of doped barium cerates and zirconates such as
BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BCZYYb) [7] and BaCe0.2Zr0.7Y0.1O3-δ (BCZY27) [8], which
usually possess some degree of oxygen ion conductivity besides the dominant proton
conductivity, behaved CPOC characteristic. The decreasing partial pressures of water and
hydrogen could increase their oxygen ion conductivity while decreasing proton
conductivity. In the most recent work, the phase-pure tetragonal perovskite of
Ba7Nb4MoO20 showed high proton and oxygen ion conductivity at intermediate
temperatures [130]. However, it is not easy to simultaneously increase proton and oxygen
ion conductivity by adjusting perovskite dopants. The equilibrium between the protonation
and deprotonation reactions determines the partial ionic conductivity, while the solubilitylimited extrinsic dopant (e.g., Y) concentration decides the total ionic conductivity [9].
Because of the interdependence of proton, oxygen ion, and electron in the perovskite
structure and the limited adjusting parameters, the discovery of phase pure COPC materials
faces a significant challenge (Fig. 5.1a).
Mechanically mixing two pre-prepared phases with independently controllable
transport properties to form the dual-phase composites (DPCs) allowed more flexibility to
design the COPC materials. The DPCs consisting of the oxygen ion-conducting phase and
electron-hole conducting phase found extensive applications in oxygen-permeable
membranes and SOFC/SOEC oxygen electrodes [131, 132]. The DPCs consisting of the
proton conducting and electron-conducting phases provided alternative hydrogenpermeable membrane materials [133]. In recent years, combining a proton conducting
phase and an oxygen ion-conducting phase has become a strategy to form CPOC DPCs
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[77]. DPCs with doped BaCeO3-δ or BaZrO3-δ perovskites (proton conductor) and doped
ceria fluorites (oxygen ion conductor) successfully demonstrated CPOC properties and
achieved good performance as electrolytes for fuel cells, electrolysis cells [134-137], and
electrochemical membrane devices [133, 138-140]. However, the DPCs fabricated by
mechanically mixing pre-synthesized component phase powders resulted in poor
homogeneity, large phase domain size, continuous solid reactions, and emergent interface
impurities, which usually caused significant performance degradation for both CPOC DPC
materials[10].
The one-pot synthesis/fabrication method provided an effective route to achieve
stable DPCs with homogenous phase distribution, stable phase composition, and stable
microstructure to ensure the steady promising transport properties for the resulted DPCs.
Ricote et al.[141] reported that solid-state reactive sintering (SSRS) could be utilized to
obtain dense composite samples starting from carbonates and oxides precursors in a single
step. In this work, we adapted a novel one-pot SSRS fabrication method to prepare stable
perovskite-fluorite DPCs consisting of proton conducting perovskite oxide of BCZY and
oxygen ion-conducting fluorite oxide of YDC with different BCZY/YDC molar ratios
(0.5:1, 1:1, 2:1, and 4:1). We investigated the phase compositions, microstructures, and
electrochemical properties for the as-prepared DPCs and compared them with the phasepure BCZY and YDC. After that, we proved the excellent stability by invariable crystal
structure and conductivity after long-term testing and versatile treatment. Finally, we
demonstrated a promising PCFC performance by choosing BCZY-YDC-2-1 as an
electrolyte, BCZY-YDC-1-1 as an anode scaffold, and Ba-Co-Fe-Ce-O as a cathode. The
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BCZY-YDC DPCs fabricated by one-pot SSRS provided excellent alternatives for highperformance protonic ceramic electrochemical devices for energy conversion, storage, and
harvesting.

Figure 5.1. Scheme of (a) single-phase co-ionic conductor and (b) dual-phase co-ionic conductor.
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5.2 Experimental
5.2.1 Fabrication of BCZY-YDC DPC Pellets, and BCZY, YDC dense pellets
BaCO3 (Alfa Aesar, 99.8%), CeO2 (Alfa Aesar, 99.9%), ZrO2 (Alfa Aesar, 99.7%),
Y2O3 (Alfa Aesar, 99.9%), and nickel (II) oxide (NiO, Alfa Aesar, Ni-base 78.5%) were
the raw materials for the fabrication of BCZY+YDC DPC pellets with BCZY/YDC molar
ratios of 0.5:1, 1:1, 2:1, and 4:1by one-pot SSRS method. The stoichiometric amounts of
raw materials were weighted according to the BCZY and YDC nominal formulas and their
ratios and added to Nalgene bottles. The addition of 5mol% NiO based on the total mole
amount of the BCZY and YDC served as a sintering aid. Ball-milling in isopropanol (IPA,
70% v/v) with 3mm YSZ balls for 48h followed by drying at 90oC in the oven for another
48h resulted in well-mixed BCZY-YDC precursor powders. Subsequently, the dry pressing
of the precursor powders in circular carbon-aided steel die-set with a 19mm diameter under
350MPa for 120s prepared green pellets with thicknesses of ~2mm. By sintering the green
pellets at 1450oC for 12h, we finally obtained the BCZY-YDC DPC pellets of BCZYYDC-0.5-1, BCZY-YDC-1-1, BCZY-YDC-2-1, and BCZY-YDC-4-1, respectively.
Following the same procedure, we also prepared phase pure BCZY and YDC pellets for
comparison.
5.2.2 Characterization
The crystal structures of the BCZY-YDC, BCZY, and YDC samples were analyzed
using a Rigaku MiniFlex 600 benchtop powder X-ray diffractometer with monochromatic
Cu Kα radiation (1.5406 Å). Powder X-ray diffraction (XRD) patterns were collected over
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a 2θ range of 25o-85o, at a scanning rate of 1o/min and a step length of 0.02o. The
microstructures of the BCZY-YDC were characterized using a Hitachi S-5000 microscope
with an accelerating voltage of 20kV and an emission current of 35µA in a 30Pa vacuum
chamber. The back-scattering (BS) scanning electron microscopy (SEM) was used to
identify the morphology and the phase distribution.
5.2.3 Electrical Conductivity Measurement
The electrical transport property determines the material’s electrochemical
applications. The BCZY-YDC DPC pellets prepared by the one-pot SSRS method were
studied in detail using EIS measurement to find suitable applications as either electrodes
or electrolytes. After sandpaper polishing and proper cleaning, the BCZY-YDC DPC
pellets were painted with silver paste (Alfa Aesar, item number 44075) on both sides as
electrodes to prepare symmetrical cells. Gold wires (Alfa Aesar, item number 00725)
tangled with silver mesh (Alfa Aesar, item number 40936) served as extensive probes (four
ends) to connect platinum lead wires for EIS measurement.
The Gamry Reference 600 Plus was used to measure the EIS of these symmetrical
cells at 200oC-700oC in different atmospheres: air, wet air, 5% H2 (balanced by Ar), and
wet 5% H2 (balanced by Ar) with a flow rate of 50 mL·min-1 (the humidity was introduced
by flowing the gases through room-temperature water bubbler). The cell temperature was
increased to 700oC with a ramp rate of 2oC/min and held for 1 h to ensure a steady operation
state. Then the EIS data were collected under a perturbation voltage of 10 mV in the
frequency range of 0.01Hz to 5MHz. After obtaining the EIS data at 700oC, the EIS data
at lower temperatures were collected during the stepwise decreasing process using the same
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procedure. The temperature step size was 50oC, the cooling rate was 2oC/min, and the
stabilization time was 1 h. The EIS data under different atmospheres were collected using
two symmetrical cells: one for oxidizing atmosphere and the other for reducing atmosphere.
For each symmetrical cell, the measurement was performed at different temperatures, first
conducted under the dry atmosphere and then under the wet atmosphere. The EIS data was
analyzed using ZView software to fit an equivalent circuit model to output resistances,
which were then converted to conductivities by taking into account the cell area and
thickness.
5.2.4 EMF Measurement
The electromotive force (EMF) test of the concentration cell was obtained by
applied each side under different atmospheres with controlled gas compositions to
determine the transfer numbers from 450oC to 700oC. The testing concentration cells with
the following construction[83]
Gas (I), Ag electrode (I) | BCZY-YDC electrolyte | Ag electrode (II), Gas (II)
In our case, BCZY-YDC involves protons, oxygen ions, electrons, and electron
holes for conducting. Theoretical EMFs (Vcal) could be calculated through Eq. 5.1
(assumin t is 1) based on each char e carrier’s chemical potential enera ted by the partial
pressure gradient. In Eq. 5.1, R is the ideal gas constant, F is the Faraday constant, T is the
temperature, t is the transfer number (marked with species), and the p is the partial pressure
of gas species at different electrodes marked with superscripts of I and II.
Vcal = t H+

RT
2F

ln (

pIH2
pII
H2

RT

pII
O

(5.1)

) + t O2− 4F ln (pI 2 )
O2
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As we take the water formation (Eq. 5.2) account, Eq. 1 could be rewritten as Eq.
5.3 and Eq. 5.4.
(5.2)

2H2 + O2 = 2H2 O
= (t H+ + t O2− )

RT

Vcal = (t H+ + t O2− )
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pII
H2 O
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)
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) + t H+ 2F ln (pII2 )
H2 O

(5.3)
(5.4)

The EMF test was operated with four different concentration cell conditions on both
BCZY-YDC-1-1 and BCZY-YDC-2-1 samples.
(1) Oxygen concentration cell:
Air-3.12% H2O, Ag electrode (I) | BCZY-YDC | Ag electrode (II), O2-3.12% H2O
(2) Water vapor (in oxygen) concentration cell:
Air-3.12% H2O, Ag electrode (I) | BCZY-YDC | Ag electrode (II), Air-1.56% H2O
(3) Hydrogen concentration cell:
5% H2-3.12% H2O, Ag electrode (I) | BCZY-YDC | Ag electrode (II), H2-3.12% H2O
(4) Water vapor (in hydrogen) concentration cell:
H2-3.12% H2O, Ag electrode (I) | BCZY-YDC | Ag electrode (II), H2-1.56% H2O
Moreover, transfer numbers were corrected by considering electrode polarization
with Eq. 5.5, in which Rele is the electrolyte resistance, Rtotal is the total resistance including
the Rele and the polarization resistance of electrodes[84]. These resistances were
determined by EIS tested by Gamry Reference 3000 and fitted by equivalent circuits.
ti = 1 −

Rele
Rtotal

(1 −

Vmea
Vcal

(5.5)

)
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The open circuit voltage (OCV) was measured by the Gamry Reference 3000 from
300oC to 700oC under dry air | dry H2 and wet air | wet H2 at each pellet side. And the EIS
was measured in the meanwhile.
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5.3 Results and Discussion
5.3.1 Crystal Structures and Microstructures

Figure 5.2. XRD patterns of BCZY-YDC pellets with different component ratios compared with pure
BCZY and YDC phases.

A one-pot SSRS method was used to make the BCZY-YDC composite pellets, as
described in the experimental section. The phase composition of as-prepared BCFC-YDC
composite pellets with nominal phase ratios of 0.5:1, 1:1, 2:1, and 4:1 was investigated
using XRD by crushing these pellets into powders. Fig. 5.2 shows that all composite
specimens exhibit XRD patterns that perfectly match BCZY perovskite and YDC fluorite
phases without any impurities. The YDC and BCZY peaks for the composites are the same
as those for phase-pure YDC and BCZY without peak shifts versus variable phase
composition, indicating that the YDC and BCZY in the composites should have a similar
element composition as the designed individual fluorite and perovskite phase. As expected,
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the relative intensities of peaks for each phase increase along with the designed amount in
the composites. The Rietveld refinement by GSAS II software allowed us to obtain the
phase compositions for BCZY-YDC-0.5-1 and BCZY-YDC-1-1 DPCs. As shown in Fig.
5.3, the two phases are perovskite (𝑃𝑚3̅𝑚) and fluorite (𝐹𝑚3̅𝑚) crystal structures. The
phase ratios are 0.50:1 and 1.01:1 when assuming the individual phase is consistent with
the nominal stoichiometry. We can conclude that the one-pot SSRS method allowed the
fabrication of the BCZY-YDC DPCs with the desired crystal structures and phase
compositions.

Figure 5.3. The refinement results of (a) BCZY-YDC-0.5-1 and (b) BCZY-YDC-1-1 DPCs.

Furthermore, the BS-SEM was used to study the microstructures of the BCFC-YDC
DPC pellets. Fig. 5.4 indicates that the pellets are fully dense, consisting of two phases
represented by bright and dark grains. Since the intensity of BS electrons increases
monotonically with the increasing average atomic number of the detected phases [140], the
bright grains refer to the BCZY perovskite phase with a large atomic number, while the
dark grains stand for the YDC fluorite phase with a small atomic number. The phase ratio
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shows an apparent effect on the composite percolation and grain size of each phase. The
BCZY-YDC-1-1 and BCZY-YDC-2-1 DPCs formed the best percolation for the two
phases. The BCZY-YDC-4:1 DPC did not form the percolated structure, in which the
minor YDC phase stayed in the grain boundary region of the main BCZY phase. Although
the BCZY-YDC-0.5-1 DPC also formed percolated structure, the percolation was not as
good as that for BCZY-YDC-1-1 and BCZY-YDC-2-1 DPCs. In general, the phase ratio
effect on the grain size does not show an apparent trend. Combined with the BS-SEM
images of polished cross-sectional pellets in Fig. 5.5, the BCZY-YDC-1-1 DPC shows the
most homogenous grain size distribution, and the two phases have a similar grain size of
0.5-1.5µm. The BCZY-YDC-2-1 DPC also shows good grain size distribution for both
phases except for the small number of large grains of the BCZY phase. With the further
increase of the BCZY phase, the BCZY-YDC-4-1 DPC shows relatively large homogenous
BCZY grains with a small number of small YDC grains dispersed in the pocket or grain
boundary regions. However, for the DPC with the lowest BCZY phase (i.e., BCZY-YDC0.5-1), both BCZY and YDC phases show the two modal grain size distribution.
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Figure 5.4. BS-SEM images of BCZY-YDC pellets’ surface with different component ratios: (a) 0.5:1, (b)
1:1, (c) 2:1, and (b) 4:1.

Figure 5.5. BS-SEM images of BCZY-YDC pellets’ cross-sections with different component ratios: (a)
0.5:1, (b) 1:1, (c) 2:1, and (b) 4:1.

88

5.3.2 Electrical Conductivity
Understanding the detailed electrical conduction properties for the BCZY-YDC
DPCs at variable temperatures under different atmospheres can provide insightful guidance
for designing their applications (e.g., electrolytes, electrode, and hydrogen-permeable
membranes). Based on symmetrical cells of the dense composite pellets coated with
identical silver electrodes on both surfaces, the composites’ total conductivities were
measured using EIS at temperatures from 200oC to 700oC under atmospheres of dry/wet
air and dry/wet 5vol.% H2 (balanced by Ar). Fig. 5.6 provided the EIS Nyquist plot
obtained at 250oC under wet air for the BCZY-YDC-1-1 composite pellet. The black square
symbols were the experimental data points of the Nyquist plot based on area-specific
resistance (ASR). These data points showed a small semicircle in the high-frequency range,
a large semicircle in the intermediate-frequency range, and a straight line with ~45 degrees
relative to the Z-real axis in the low-frequency range. The equivalent circuit model related
to the electrolyte bulk transport, electrolyte grain boundary transport, and electrode
reaction processes (inset in Fig. 5.6) was used to fit these experiment data by ZView
software to derive the global conduction behavior through the intergrain (grain boundary)
and intragrain (bulk) of the pellet sample. The excellent fitness of the red curve to square
symbols proved that the proposed equivalent circuit model could well describe the
experimental data. Following the analysis procedure, we fitted all the experimental EIS
data and achieved the electrolyte and electrode transport/reaction information of the
symmetrical cells made from the BCZY-YDC composite pellets. We also studied the
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electrical conductivity using the same method for the BCZY and YDC phase-pure pellets
for comparison.

Figure 5.6. The fit of the EIS Nyquist curve of BCZY-YDC-1-1 tested at 250oC under wet air. The inset
shows the equivalent circuit used for fitting.

Figure 5.7. Temperature dependence of conductivity for BCZY-YDC pellets under different atmospheres:
(a) dry air, (b) wet air, (c) dry 5% H2, and wet 5% H2.
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Fig. 5.7 provides the plots of the natural logarithm of the product of total
conductivities and temperature (ln(σT)) versus the reciprocal temperatures (1/T) under
different atmospheres for these pellets. The conductivities versus temperature plots show
excellent linearity for all the six tested pellets under the dry air atmosphere (Fig. 5.7a) at
the whole temperature range 200-700oC. The phase-pure YDC pellet shows the lowest
conductivity and highest conduction activation of 1.38 eV. The high activation energy is
consistent with the conduction behavior of the doped ceria materials primarily dominated
by oxygen ions in dry air (oxidizing atmosphere), as commonly reported in the
literature[142]. The phase-pure BCZY pellet shows the highest conductivity and the lowest
conduction activation energy of 0.72 eV, slightly higher than those reported for pure proton
conduction in perovskite oxides[143]. The lack of hydrogen and water usually made the
proton conducting perovskite oxide an oxygen ion conductor with a small contribution of
electron-hole in an oxidizing atmosphere with activation energy higher than pure proton
conduction but lower than the pure oxygen-ion conduction in fluorite oxide. All the BCZYYDC DPC pellets show conductivities and activation energies between the pure BCZY and
pure YDC samples. The BCZY phase played a more critical role in determinin the DPC’s
conduction behavior for all these four DPCs. For example, the conduction activation
energy for the BCZY-YDC-0.5-1 DPC pellet is 0.87 eV, 0.51 eV lower than that for phasepure YDC pellet but very close to that for phase-pure BCZY pellet (0.72 eV). The BCZYYDC-1-1, BCZY-YDC-2-1, and BCZY-YDC-4-1 DPC pellets, with the increased BCZY
phase, do not show a marked decrease in conduction activation energy stays between 0.77
eV and 0.87 eV. The total conductivity for these composite pellets increases with the
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increasing amount of BCZY phase slightly, which are slightly smaller than the total
conductivity for the phase-pure BCZY pellet but much higher than that for the phase-pure
YDC. The observation of the conduction behavior is consistent with the microstructure of
these four DPC pellets. The formed percolation and relatively high conductivity of the
BCZY phase in these composites made the apparent conduction behavior close to the
BCZY phase in the DPCs.
Under wet air atmosphere (Fig. 5.7b), the conductivity-temperature plots show
different linearities for different BCZY-YDC DPCs. The phase-pure YDC plot hardly
changes compared with the one under dry air since it still behaves almost pure oxygen ion
conduction. On the contrary, the phase-pure BCZY shows a significant increase in
conductivity and a noticeable decrease in conduction activation energy (from 0.72 eV to
0.54 eV), indicating that the dominant charge carriers through the BCZY structure may
include both oxygen ions and protons. The introduction of easily transport protons is the
reason for higher conductivity and lower conduction activation energy. As for the BCZYYDC DPC pellets, in general, the plots are still close to the phase-pure BCZY plot,
indicating a much higher conductivity than the phase-pure YDC pellet. With the increase
in the BCZY phase, the plot linearity gets poorer and converges at high temperatures,
indicating the typical co-ionic (proton and oxygen ion) conducting behavior. The
conduction activation energies for these four composite pellets focus on 0.63-0.69 eV,
close to the charge transport activation energy in the phase-pure BCZY structure. It proves
that the highly conductive BCZY phase plays a dominant role in deciding the transport
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behavior of the BCZY-YDC composite pellet in a wet air atmosphere even the BCZY to
YDC ratio is only 0.5:1.
Under dry 5vol% H2 (balanced by Ar) atmosphere (Fig. 5.7c), the conduction
behavior for all the six samples shows a noticeable difference from that measured under
oxidizing atmosphere (dry/wet air). The pure YDC pellet shows a dramatic increase in
conductivity corresponding to a significantly decreased conduction activation energy of
0.88 eV. At temperatures higher than 500oC, the pure YDC’s conductivities are hi h er than
all other five samples. The increase in electronic conductivity that occurred to doped ceria
under a reducing atmosphere can reasonably explain this conduction change for pure
YDC[144]. The pure BCZY pellet shows slightly decreased conductivity, corresponding
to a small drop of activation energy (from 0.72 eV to 0.46 eV) than in the oxidizing
atmosphere (dry/wet air). The hydrogenation of BCZY in the reducing atmosphere usually
results in proton conductivity and a decrease in electron-hole conductivity. The activation
energy absolute value of ~0.46 eV is within the range of activation energy for pure proton
transport for doped barium cerates and zirconates. The slightly decreased activation energy
at the high-temperature range, a common phenomenon for proton conducting perovskite
oxide caused by decreased proton concentration, can be observed. As for the BCZY-YDC
DPC pellets, the conductivity shows a reverse change trend versus the BCZY-YDC ratio
compared with that in an oxidizing atmosphere. The higher amount of YDC phases
corresponds to higher conductivity. However, the activation energy does not show a clear
change trend, staying in the range of 0.5-0.6 eV. The dominance of the increased electronic
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conductivity caused by the YDC phase in the DPC pellets can explain the increasing
conductivity with the increasing YDC in DPCs.
Under wet 5vol% H2 (balanced by Ar) atmosphere (Fig. 5.7d), the conduction
behavior of these pellets shows marked change compared with those in dry 5vol% H2 and
the dry/wet air (oxidizing atmosphere). The phase-pure YDC pellet shows decreased
conductivity and increased conduction activation energy when changing dry 5vol% H2 into
wet 5vol% H2. The introduction of water could increase the oxygen partial pressure to some
degree, which probably decreased the electronic conductivity and contribution to the total
conductivity of the pure YDC in wet 5vol% H2. The phase-pure BCZY pellet shows the
same conduction activation energy and slightly increased conductivity when changing dry
5vol% H2 into wet 5vol% H2. The easy hydration of BCZY in a wet atmosphere could
increase the proton concentration, resulting in increased proton conductivity. However, the
conductivity in a wet reducing atmosphere is still slightly lower than in the oxidizing
atmosphere. The existence of electron-hole conductivity for the BCZY phase under
oxidizing atmosphere may be responsible for the higher conductivity in an oxidizing
atmosphere. For the four BCZY-YDC DPCs, switching the atmosphere to wet 5vol% H2
from dry 5vol% H2, the conductivity exhibited reverse tendency versus the BCZY/YDC
ratio. The pellet with a higher BCZY/YDC ratio shows a higher conductivity since the
proton conduction made more contribution to the transport behavior of the DPCs than the
oxygen ionic conduction. It is worth notin that four pellets’ conductivities become almost
the same at 700oC with the activation energy due to the slope of the plot changing along
with the increase of temperature. This change gets bigger as more of the BCZY phase in
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the sample because of the dehydrogenation behavior at a higher temperature range, which
is the typical characteristic for protonic conductors. Thus, the tunable conduction property
could be achieved by changing the phase ratio of composites.
To further understand this phenomenon, we summarize the bulk and the grain
boundary conductivities in Fig. 5.8. The bulk conductivity increases with the rising
BCZY:YDC ratio at the low temperature (< 500oC), but this trend gets fainter when the
temperature goes higher and totally reverses at 700oC (Fig. 5.8a). This tendency is similar
to the slope change discussed ahead in the total conductivity under a wet 5% H2 atmosphere
corresponding to the dehydrogenation of the protonic conducting phase. However, the
grain boundary (GB) conductivity tells a different story (Fig. 5.8b). The GB conductivity
rises at each temperature point along with the increasing composition ratio of BCZY:YDC
in the whole temperature range and gets more significant when the temperature is higher,
leading to a higher activation energy for a higher BCZY containing composite. With the
composition ratio increasing, more BCZY protonic conducting phase is introduced into the
composite. Thus, the oxygen ionic conducting YDC phase reduces and may take more part
of the grain boundary, which has higher activation energy than protonic conductors. As for
the conductivities tested under wet air, only the EIS data obtained at low temperature could
be totally separated into bulk and grain boundary parts to calculated relative conductivity
(Fig. 5.9). Based on the results, the conductivity steadily grows along with the composition
change from 100oC to 450oC, which is consistent with the previous total conductivities
under wet air.
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Figure 5.8. Temperature dependence of conductivity for BCZY-YDC pellets at different temperatures
under wet 5% H2 atmosphere: (a) the bulk conductivity, and (b) the grain boundary conductivity.

Figure 5.9. Temperature dependent of bulk and grain boundary (GB) conductivity obtained under wet air.

It should be noted that when inquiry the conductivity in Fig. 5.10 for each
composition, conductivities measured under wet air seem like the combination of the ones
tested under wet 5% H2 (the part below 500oC) and dry air (the part above 500oC),
especially for the protonic phase rich ones (BCZY-YDC-2-1 and BCZY-YDC-4-1). This
phenomenon hints that the dominant charge carriers at different temperatures under various
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atmospheres are different. In other words, mixed conductivity was confirmed under wet
air, which has at least two kinds of dominants that are the one under wet 5% H2 below
500oC, and the one under dry air above 500oC, respectively. Further conducting properties
were investigated with the ionic transfer numbers detected by the EMF measurement by
concentration cells and the OCV measurement on dense pellets under air | H2 bias.

Figure 5.10. Total conductivity as a function of temperature in various atmospheres for (a) BCZY-YDC0.5-1, (b) BCZY-YDC-1-1, (c) BCZY-YDC-2-1 and (d) BCZY-YDC-4-1.

BCZY-YDC-1-1 and BCZY-YDC-2-1 were chosen as representative samples to
further analyze the EMF method due to their homogenous phase distribution and
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representative phase ratio change from equal to dominant. The corrected ionic transfer
numbers measured in both oxidizing and reducing atmospheres as the concentration cell
#1 and #3 (denoted as O2 Mode and H2 Mode) are shown in Fig. 5.11. Under oxidation
atmospheres (Fig. 5.11a), total ionic transfer numbers (ti) of BCZY-YDC-2-1 are bigger
than these of BCZY-YDC-1-1. It indicates that fewer YDC phase reduces electronic
conduction, which strongly agrees with the previous discussion about the electronic
conductivity contribution of YDC phase. For details, in an oxidizing atmosphere, transfer
numbers greatly decrease from above 0.95 to around 0.50 with the elevating temperature
due to the increasing electronic conduction at higher temperatures and the dehydrogenation
behavior. When the atmosphere turned into a reducing one, a totally different conduction
behavior appears. As shown in Fig. 5.11b, BCZY-YDC-2-1 still shows a larger total ionic
transfer number ti than BCZY-YDC-1-1 in all temperature range but with different
tendency. BCZY-YDC-2-1 keeps a very high and almost steady ionic conduction (ti>0.95)
along with temperature increase, while BCZY-YDC-1-1 shows a slight drop of ionic
conduction (~0.95 to ~0.70).

Figure 5.11. The total ionic transfer numbers (ti) of BCZY-YDC-1-1 and BCZY-YDC-2-1 in (a) oxidizing
atmosphere and (c) reducing atmosphere. The transfer numbers in (a) were tested by concentration cell #1,
and the transfer numbers in (b) were tested by concentration cell #3.
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Further partial conducting properties were investigated with the ionic transfer
number detected with additional concentration cells #2 and #4. The corrected ionic transfer
numbers measured in oxidizing atmospheres are shown in Fig. 5.12a&c. As a result,
protonic transfer numbers (t H+ ) are almost the same with total ionic transfer numbers for
both samples. Thus, the proton conduction dominates the ionic conduction under oxidation
atmospheres in all temperature range, and the electronic conduction rises alone with
elevated temperature. It verifies the mixed conduction under wet air conditions and exhibits
different dominance under different temperature ranges, as discussed in the total
conductivity part. Partial conductivities under wet air are calculated based on the transfer
numbers obtain in oxidation conditions and show in Fig. 5.12b&d. As a result, BCZYYDC-2-1 shows obviously high conductivities for each charge carrier.
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Figure 5.12. Ionic transfer numbers in oxidizing atmospheres of (a) BCZY-YDC-1-1 and (c) BCZY-YDC2-1. The transfer numbers of t H+ + t O2− and t H+ were tested by concentration cell 1 and cell 2,
respectively. The transfer numbers of t O2− were calculated by subtraction of t H+ from t H+ + t O2− . And t e−
was calculated by 1-(t H+ + t O2− ). Corresponding partial conductivities of (b) BCZY-YDC-1-1 and (d)
BCZY-YDC-2-1 were calculated based on obtained transfer numbers and conductivities measured under
wet air.
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Figure 5.13. Ionic transfer numbers in reducing atmospheres of (a) BCZY-YDC-1-1 and (c) BCZY-YDC2-1. The transfer numbers of t H+ + t O2− and t O2− were tested by concentration cell 1 and cell 2,
respectively. The transfer numbers of t H+ were calculated by subtraction of t O2− from t H+ + t O2− . And t e−
was calculated by 1-(t H+ + t O2− ). Corresponding partial conductivities of (b) BCZY-YDC-1-1 and (d)
BCZY-YDC-2-1 were calculated based on obtained transfer numbers and conductivities measured under
wet 5% H2.

Under reducing atmospheres, as shown in Fig. 5.13a&cthe t O2− of BCZY-YDC-21 is surprisingly higher than that of BCZY-YDC-1-1 even it has less oxygen ionic
conducting dominating fluorite phase. Partial conductivities under wet 5% H2 are also
calculated (Fig. 5.13b&d). Proton conductivities are similar for the two samples. Electronic
conductivity increases steadily as the temperature rises for BCZY-YDC-1-1, while BCZY-
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YDC-2-1 shows an almost standstill value above 500oC. It indicates that the more
perovskite phase in the composite, the more effects on electron-hole formation resulting in
lower electronic conductivity. BCZY-YDC-2-1 shows much higher oxygen ionic
conductivity than BCZY-YDC-1-1, even though it has a lower fluorite phase concentration.
It may attribute to that more oxygen vacancies could be obtained under a reducing
atmosphere, which could be utilized for oxygen ionic conduction under our EMF testing
conditions. Further study to understand this abnormal phenomenon is undergoing.
To evaluate ionic conductivity of composite samples under the fuel cell operation
condition, the OCV was measured with dry air | dry H2 ambipolar feeding (dry condition)
and wet air | wet H2 gases (wet condition). In Fig. 5.14, obtained OCV values are compared
with calculated theoretical values based on the Nernst equation with proton-conducting
electrolyte (Et). Due to a dense, thick pellet was set up between an oxidation atmosphere
and a reducing atmosphere, measured OCV values reflect the equilibrium status for two
sides’ mixed conductions. t is not surprisin that there are peaks for each plot. Under dry
conditions, the most effective current leaka e resource is the fluorite phase’s electronic
conduction under dry 5% H2, especially at higher temperatures. Thus, BCZY-YDC-2-1
obtains higher OCV above 500oC. After introducing humidity at both sides, which is closer
to the actual operation, proton conduction was promoted, and electric conduction was
suppressed. Thus, the OCV value will increase along with it. This phenomenon is more
obviously exhibited in BCZY-YDC-2-1 because it has more proton conducting dominating
the perovskite phase. Considering the EMF test was also conducted under humidified
atmospheres, the transfer number in Fig. 5.11 could be used to explain why there is a peak
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shown in OCV curves. Taking BCZY-YDC-2-1 as an example, the total transfer number
keeps steady under reducing atmospheres while decreasing with the increase of
temperature under oxidation atmospheres. Thus, once the pellet is exposed to a wet fuel
cell condition that one side is oxidation gas, and the other is reducing gas, the overall
conduction is a combination of ionic conduction in each atmosphere, resulting in a peak
shows up. As for the BCZY-YDC-1-1, because of the slight decrease in total transfer
number in reducing atmospheres, its peak position shifts to a lower temperature.
Comparing the two samples, only BCZY-YDC-2-1 under wet conditions could achieve
OCV higher than 1 V in most of the temperature range.

Figure 5.14. The OCV values of BCZY-YDC-1-1 and BCZY-YDC-2-1 measured under both dry and wet
conditions.

Consequently, BCZY-YDC-2-1 offers higher ionic conduction under both
oxidizing and reducing atmospheres (resulting in higher OCV values) and kinds of steady
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ionic conduction under reducing atmosphere, giving great potential to serve as the
electrolyte layer of a fuel cell. On the contrary, the BCZY-YDC-1-1, exhibiting the
increase of electronic conduction with elevated temperatures, is more suitable for the anode
scaffold application.
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5.3.3 Structure and Electrical Conduction Stability

Figure 5.15. The conductivity stability of BCZY-YDC-2-1 under wet air at 600oC (the break around 80 h
caused by the power outage).

Figure 5.16. The XRD pattern for the tested BCZY-YDC-2-1 sample and samples exposed to various
gradients (BCZY-YDC-1-1 and BCZY-YDC-2-1) compared with the fresh samples.
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The standard issue for DPCs is the precipitation of the new insulate phase and
degradation of electrical transport property because of the sluggish solid state reaction
between the mechanically mixed two phases or the matrix and infiltrated phases[10]. In
this work, we studied structural stability and electrical conduction stability using BCZYYDC-2-1 as an example. Fig. 5.15 provides the conductivity of the BCZY-YDC-2-1 DPC
pellet versus testing time under wet air. Within the 100 h, the total, bulk, and grain
boundary conductivities did not show any degradation. At around 80 h, the power outage
caused the discontinuity of data points, which did not affect the electrical conductivity
stability. Fig. 5.16 compares XRD patterns for fresh BCZY-YDC-2-1 and the used sample
after electrical conductivity testing for 100 h. The used sample did not form any new phase,
which shows the same crystal composition as the fresh sample.

Figure 5.17. BS-SEM images of BCZY-YDC pellets’ cross-sections after EMF test with different
component ratios: (a) 1:1, and (b) 2:1.

Furthermore, the composite crystal structure stability under partial pressures of
oxygen, hydrogen, and steam gradient can directly express the material suitability for stable
electrolyte and electrode scaffold. We treated the BCZY-YDC-2-1 and BCZY-YDC-1-1
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DPC pellets under wet air (3.12vol.% H2O) | wet O2 (3.12vol.% H2O), wet air (3.12vol.%
H2O) | wet air (1.56vol.% H2O), wet 5% H2/Ar (3.12vol.% H2O) | wet H2 (3.12vol.% H2O),
and wet H2 (3.12vol.% H2O) | wet H2 (1.56vol.% H2O), sequentially, at varying
temperatures (300-700oC) for total 150 h and investigated the crystal structure using XRD.
Fig. 5.16 compares the XRD patterns of tested BCZY-YDC-2-1 and BCZY-YDC-1-1 DPC
pellets and the corresponding fresh samples. The long-term treatment under typical fuel
cell gradient did not degrade the crystal structure for DPCs, ensuring their stable suitability
for fuel cell electrolyte and electrode scaffold. Moreover, BS-SEM images were also taken
to see the morphology stability (Fig. 5.17). Compared with the cross-sectional images of
as-prepared BCZY-YDC samples, the morphology keeps the same after that long time
multi-atmosphere tests.
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5.4 Conclusions
We successfully synthesized a series of perovskite-fluorite BCZY-YDC DPCs with
BCZY/YDC molar ratios of 0.5:1, 1:1, 2:1, and 4:1 using the one-pot SSRS method. The
elemental compositions are agreed with our design, confirmed by the EDX and the
refinement of XRD patterns. By testin E S’s conductivity under several atmospheres,
measuring the transfer numbers by the EMF method, and evaluating OCV values,
electrochemical properties were carefully investigated. The mixed conductivity (including
ionic and electronic conductivity) is confirmed in as-prepared composites, which is
strongly affected by the composition and atmosphere. BCZY-YDC-2-1 and BCZY-YDC1-1 could work as the electrolyte and the anode scaffold for a fuel cell by considering their
CPOC/TPOEC properties and phase composition/distribution. The further stability testing
of electrical conductivity and crystal structure showed promising long-term durable
operation. The new BCZY-YDC DPCs fabricated by one-pot SSRS can serve as promising
components for protonic ceramic electrochemical devices.
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CHAPTER SIX
FUEL CELL DEMONSTRATIONS BASED ON MATERIALS WITH CO-IONIC
CONDUCTIVITY
We designed and fabricated promising candidate materials for all three components
for ceramic fuel cells with co-ionic (H+/O2-) conductivity and proper electronic
conductivity for electrode materials in previous chapters. For the cathode, perovskiteperovskite nanocomposite BCFC, fabricated by one-pot modified Pechini method, exhibits
promising ASR results compared with more than 50 state-of-the-art cathode materials.
Perovskite-fluorite composites BCZY-YDC with molar ratios of 2:1 and 1:1, synthesized
by one-pot SSRS method, show tunable mixed-ionic conductivity, while BCZY-YDC-2-1
displays steady co-ionic conductivity with tiny electronic conductivity, indicating the
potential as the electrolyte layer in a fuel cell, and BCZY-YDC-1-1 with more electronic
conductivity prefers to work as the anode scaffold.
In this chapter, we demonstrated several fuel cells based on materials developed in
previous chapters. With the comparison between the cell with the cathode of BCFC and
BCFZY0.1 on the half cell of BCZY-YDC-2-1 | 40wt% BCZY-YDC-1-1+60wt% NiO, the
improvement of cathodic performance by utilizing perovskite-perovskite nanocomposite
BCFC. Furthermore, with various 𝑝𝐻2 applied at the anode side, DRT analysis was
conducted to determine the mixed conductivity change. Finally, a cell with the
configuration of BCFC | BCZY-YDC-2-1 | 40wt% BCZY-YDC-1-1+60wt% NiO was
demonstrated with CH4 as fuel.
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6.1 Introduction
Nowadays, ceramic fuel cells attract great attention due to their high efficiency,
fuel flexibility, and low requirement for precious metal catalysts[1]. A significant number
of fuel cells were demonstrated based on the single conducting property (pure protonic
conduction or oxygen ionic conduction) of electrolyte materials[129]. However, the
drawbacks of these fuel cells are also noteworthy. For solid oxide fuel cells (SOFCs) based
on oxygen ionic conducting electrolytes, the relatively high operation temperature,
required by the high activation energy of oxygen ionic transfer, incurs related degradation,
sealing cost, and low operation cycle problems[22]. By replacing oxygen ionic conductors
with protonic conductors, protonic ceramic fuel cells (PCFCs) could reduce the operating
temperature into the intermediate range to minimize the aforementioned problems[24].
However, there are still some challenges for PCFCs. First, the commonly used cathode
materials are mixed ionic (O2-) and electronic conductors (MIECs) that are designed for
SOFCs. MIECs limit the activated sites for oxygen reduction reaction to the interface
between the cathode and the electrolyte, which greatly hinder the performance of PCFCs[6].
Second, the water is generated at the cathode side instead of the anode, which requires
extra devices to humidify the hydrocarbon fuels for the reforming reactions[29]. Moreover,
the potential coking issue, resulting from the insufficient reforming reactions and the sidereaction (such as cracking reaction, Boudouard reaction, and revers water-gas shifting
reaction), leads to the degradation of PCFCs[25].
The introduction of co-ionic conductivity (H+/O2-) in materials of PCFCs offers
benefits. For example, combining co-ionic conductivity with electronic conductivity in the

110

cathode materials extends the activated sites to promote the ORR[101]. The utilization of
co-ionic conductivity (H+/O2-) as electrolytes of fuel cells replacing single-ionic conductors
offers higher total conductivity, which dramatically benefits the performance output. At
meanwhile, steam will form at both sides of a cell rather than at only one side. It minimizes
the complexity by avoiding extra humidifying devices and improving the coking tolerance
when hydrocarbon fuels are employed[6]. In the anode, cooperating with co-ionic
conduction of electrolyte, the introduction of oxygen ionic conductivity into anode
materials can help remove possibly deposited carbon from the anode to obtain better
performance when hydrocarbons work fuels. Besides, triple conducting (H+/O2-/e-)
perovskite oxide cathodes with overwhelming electron conductivity and appropriate coionic (H+/O2-) conductivity demonstrated attractive performance for PCFCs by activating
more sites for oxygen reduction reaction[5, 55, 145].
In this work, we employed materials involving mixed conductivity developed in
previous chapters as component materials of ceramic fuel cells to demonstrate their
feasibility and performance. Furthermore, comparison studies were also conducted to
illustrate the advantages of developed mixed conducting composite materials.
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6.2 Experimental
6.2.1 Fabrication of Precursor Powders
Anode and electrolyte precursor powders were made by mechanically mixing raw
material powders in isopropanol followed by oven drying, similar to the method described
in section 2.1. The procedure can be described as follows using the electrolyte BCZYYDC-2-1 precursor powder as an example. Ball milling was conducted for 48h on the
mixture of proper amounts of BaCO3 (Alfa Aesar, 99.8%), CeO2 (Alfa Aesar, 99.9%), ZrO2
(Alfa Aesar, 99.7%), and Y2O3 (Alfa Aesar, 99.9%) with a stoichiometry ratio of BCZYYDC-2-1 and an additional 5mol% NiO (Alfa Aesar, Ni-base 78.5%) as a sintering aid,
with 3 mm yttria-stabilized zirconia balls grinding media and isopropanol as grinding
solvent. The slurry was then dried for 48 h at 150oC in a box oven. Anode powder of 40wt%
BCZY-YDC-2-1+60wt% NiO+ 20wt% starch was prepared by mixing with BaCO3, CeO2,
ZrO2, Y2O3, 60wt% NiO, and extra 20wt% starch using the same procedure. Ba-Co-FeCe-O and BCFZY0.1 cathode precursor powder were synthesized using the modified
Pechini method described in our previous work [55].
6.2.2 Fabrication of Button Cells
The BCZY-YDC-2-1 and BCZY-YDC-1-1 DPCs obtained in the previous chapter
were chosen as the electrolyte and anode scaffold. The Ba-Ce-Fe-Co-O DPC discovered in
Chapter IV and state-of-the-art triple-conducting material BaCo0.7Fe0.1Zr0.1Y0.1O3-δ
(BCFZY0.1) were chosen as the cathode. The button cells with a configuration of 40wt%
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BCZY-YDC-1-1+60wt%NiO | BCZY-YDC-2-1+5mol%NiO | Cathode were fabricated
and tested.
The green anode pellets were prepared by dry-pressing process under 350 MPa for
12 s in circular carbon-aided steel die set with a diameter of 19 mm and a thickness of ~2
mm. The BCZY-YDC-2-1 electrolyte precursor paste was made using the following
procedure. The precursor powder, dispersant (20wt% solsperse 28000 in terpineol
solution), and binder (5wt% V-600 in terpineol solution) were manually ground for 45 min
in an agate mortar with an agate pestle, with a weight ratio of 15:3:1. Screen-printing
electrolyte precursor paste on both sides of green anode pellets resulted in thin electrolyte
layers, which were then fired at 1500oC for 12 h. To make half-cells, fired pellets were
polished to remove one electrolyte layer. The BCFC cathode paste was prepared using the
same procedure to prepare electrolyte paste and then was screen-printed on the electrolyte
center to form a circular green cathode film with a diameter of 3/16 inches and a thickness
of around 20 μm (after firin ). The subsequent firin at 900oC for 5 h completed singlecell fabrication.
Silver painting of electrode surface introduced current collectors while silver mesh
and gold wire attached to the current collector to get the button cells connected to Gamry
3000 for fuel cell performance evaluation.
6.2.3 Characterization
The microstructures of the BCZY-YDC were studied using a Hitachi S-6600
microscope in a 30 Pa vacuum chamber with an accelerating voltage of 20 kV and an
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emission current of 35 µA. The morphology of single cells was studied using scanning
electron microscopy (SEM).
To separate the button cells into an anode chamber and a cathode chamber, Aremco
Ceramabond 552 was used to seal one end of an alumina tube. Silver painting of electrode
surface introduced current collectors while silver mesh and gold wire attached to the
current collector to get the button cells connected to Gamry 3000 for fuel cell performance
evaluation. The cell performance was measured using a homemade testing station from
650 to 550oC with dry hydro e n (30 mL·min-1) as the fuel and dry air as the oxidant (200
mL·min-1). The current-voltage (I-V) curves and the corresponding power density (P) were
collected using Gamry Reference 3000. For understanding the ohmic resistance and
polarization resistance of single cells, EIS spectra were collected under an open-circuit
condition in the frequency range of 0.01 Hz to 1 MHz with a voltage perturbation of 10
mV.
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6.3 Results and Discussion

Figure 6.1. (a) I-V and I-P curves of single-cell measured at different temperatures. (b) The EIS data for
fuel cells tested at 550oC-650oC. (c) Polarization resistances, ohmic resistances, and total resistances are
determined from the EIS. (d) The cross-sectional morphology of the single cell after testing.

We fabricated single cells using BCZY-YDC-2-1 electrolyte, 40wt% BCZY-YDC1-1 + 60wt% NiO anode, and BCFC cathode to study the potential for the BCZY-YDC
DPCs as PCFC electrolyte and anode components. Fig. 6.1 summarizes the cell
performance and EIS analysis for the single cells at 550oC-650oC under the H2/air gradient
and the SEM image of the tested cells. The I-V and I-P curves (Fig. 6.1a) show that the
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single cells' open-circuit voltages (OCVs) at 650oC, 600oC, and 550oC, respectively, are
1.03 V, 1.07 V, and 1.11 V, which are close to the theoretical OCV values at these
temperatures, indicating a negligibly small electronic leak through the electrolyte film and
excellent gas-tight cell sealing. Furthermore, OCV values obtained by the BCZY-YDC-21 electrolyte layer are much higher than state-of-the-art perovskite-fluorite composite coionic electrolytes[137, 146-150], indicating the small current leakage in this composite and
the excellent feasibility as the electrolyte layer (Fig. 6.2). The peak power densities at
650oC, 600oC, and 550oC are 239, 198 and 146 mW·cm2, respectively, with corresponding
current densities of 468 mA·cm-2, 357 mA·cm-2, and 254 mA·cm-2 at respective
temperatures. Fig. 6.1b presents the open circuit EIS analysis results for the single cells
under Air/H2 gradient at different temperatures. The experimental data markers of the
Nyquist plot measured at all three temperatures of 650, 600, and 550oC have intercepts on
the Z-real axis, ascribing to the ohmic resistance. The rest of the data markers at the lower
frequency range display two depressed arcs, ascribing to cathode polarization resistance
and anode polarization resistance. The fitting spectra by ZView software using the
equivalent circuit model (inset in Fig. 6.1b) allowed the calculation of the ohmic ASR (RO),
the total polarization ASR (RP), the anode polarization ASR (RPa), and the cathode
polarization ASR (RPc). The RO decreases from 1.01 Ω·cm2 to 0.60 Ω·cm2 as the
temperature increases from 550oC to 650oC. Based on the 13 μm electrolyte thickness (Fig.
6.1d), the calculated conductivities of the electrolyte film at 550oC, 600oC, and 650oC,
respectively, are 1.3 mS·cm-1, 1.7 mS·cm-1, and 2.2 mS·cm-1 which are close to the
conductivities of the BCZY-YDC-2-1 composite pellets measured under wet 5% H2 at the
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same temperatures. Therefore, we can conclude that the BCZY-YDC-2-1 composite can
serve as a promising intermediate-temperature ceramic fuel cell electrolyte. The cathode
polarization ASRs at 650oC, 600oC, and 550oC are 0.19, 0.28, and 0.42 Ω·cm2,
respectively, consistent with the cathode performance of BCFC reported in Chapter IV.
The anode polarization ASRs are 0.13, 0.20, and 0.37 Ω·cm2 at the same three
temperatures. The SEM image of a single-cell cross-section after performance testing is
shown in Fig. 6.1d. The cathode’s adhesion to the electrolyte is still very strong. The
porosity of the cathode and anode layers is maintained. Combining with nickel to form
cermet, BCZY-YDC-1-1 can serve as a promising component as a solid oxide fuel cell
anode.

Figure 6.2. Comparison of OCVs between our cell and other single cells with co-ionic composite
electrolytes. The data for other single cells with co-ionic composite electrolytes BaCe0.8Sm0.2O3-δCe0.8Sm0.2O1.9 [137], BaCe0.8Sm0.2O3-δ-Ce0.8Sm0.2O2-δ [146], BaCe0.8Y0.2O3-δ-Ce0.8Sm0.2O2-δ [147],
BaCe0.83Y0.17O3-δ-Ce0.85Sm0.15O1.925 [148], and BaCe0.83Y0.17O3-δ-Ce0.85Sm0.15O1.92 [149], BaCe0.8Y0.2O3-δCe0.8Gd0.2O1.9 [150].
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Figure 6.3. (a) I-V and I-P curves of single-cell measured at different temperatures. (b) The EIS data for
fuel cells tested at 550oC-650oC.

To confirm the advantage of BCFC cathode, another single cell with widely used
triple-conducting BCFZY0.1 cathode on the half cell of BCZY-YDC-2-1 electrolyte and
BCZY-YDC-1-1 anode scaffold was fabricated and tested under the same condition. As
shown in Fig. 6.3a, 1.00 V, 1.04 V, and 1.07 V of OCV were achieved at 650oC, 600oC,
and 550oC, respectively, which indicates the acceptable sealing of the single cell. The peak
power densities at these temperatures are 164, 145and 111 mW·cm-2, lower than the values
on the cell with BCFC cathode. Fig. 6.3b displays the EIS results of the cell under the open
3circuit condition at each temperature. Similar to the analysis method described above, Ro
and RP were generated using the equivalent circuit models inserted in Fig. 6.3b. Different
from the EIS of the cell with BCFC cathode, polarization ASRs of anode and cathode were
hardly separated in this single cell. The calculated conductivities of the BCZY-YDC-2-1
electrolyte at 550oC, 600oC, and 650oC, respectively, are 1.7 mS·cm-1, 2.4 mS·cm-1, and
3.0 mS·cm-1, based on the electrolyte thickness of ~26 µm, which are slightly higher than
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the conductivities of the previous cell, indicating that better interfaces achieved at this cell
because of the same electrolyte materials were utilized.
Furthermore, based on the similar conduction property of BCZY-YDC-2-1, an
assumption could be made that the anode scaffold BCZY-YDC-1-1 should also exhibit
similar ASR values in both cells because of the difficulty to separate the polarization ASR
of cathode and anode for the BCFZY0.1 cell. In other words, the cathode and the interface
between the cathode and the electrolyte contribute to the RP difference. As summarized in
Fig. 6.4, lower total Rp was obtained in the BCFC based cell with higher activation energy
consistent with the comparison done in Chapter IV between BCFC and BCFZY0.1. Thus,
the utilization of BCFC greatly improved single-cell performance due to its better-mixed
conduction than phase-pure triple-conducting cathode BCFZY0.1.

Figure 6.4. Polarization resistance comparison between cells with BCFZY0.1 and BCFC cathodes.
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Figure 6.5. (a) The polarization resistance, ohmic resistances, and total resistances are determined from the
EIS. (b) DRT spectra as a function of varying hydrogen partial pressure. (c) The histogram of intensity for
each peak showing in (b) and corresponding electrochemical processes.

To effectively interpret the role of BCZY-YDC composites as the electrode and the
anode scaffold, the cell’s impedance spectra are characterized and analyzed as a function
of hydrogen partial pressure (𝑝𝐻2 ) at the anode. As shown in Fig. 6.5a, with the decrease
of 𝑝𝐻2 from 1 atm to 0.05 atm, ohmic resistance RO increases obviously, which indicates
that lower conductivities were achieved at lower 𝑝𝐻2 . It is reasonable to understand based
on the conductivity results measured under wet 5% H2 on dense pellets discussed in the
previous chapter, which are protonic conduction dominant processes. Furthermore, the
anodic polarization resistance RPa also increased along with the decrease of 𝑝𝐻2 while the
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cathodic ones RPc showed almost constant. The distribution of relaxation time (DRT)
method was used to dispose of the EIS results in order to further analyze the electrode
performance, particularly for the anode BCZY-YDC-1-1. [69]. Four peaks (P1, P2, P3, and
P5) showed up for all four conditions, and an extra peak P4 merged out at relatively low
𝑝𝐻2 conditions in curves of (τ) vs. τ (relaxation time), ran in

from low relaxation time

(LRT) to high relaxation time (HRT) (Fig. 6.5b). P1, which is located at the LRT range
with no shifting happened, shows an obvious dependence on the 𝑝𝐻2 and reponses to the
electronic transfer inside the cell, especially for the anode part. P2 and P3 shift to low
relaxation time with a slight increase of intensity, corresponding to proton formation and
diffusion at the anode BCZY-YDC-1-1. The merging out of P4 at low 𝑝𝐻2 conditions, may
represent the O2- transfer due to the increase of oxygen partial pressure. The most obvious
change happens on the P5. In the beginning, when the 𝑝𝐻2 decreases from 1 atm to 0.5 atm,
the relative intensity of P5 remains almost a constant but shows obvious shifting to high
relaxation time, which reveals that the corresponding process gets sluggish. With the
further decrease of 𝑝𝐻2 , higher intensity is obtained, indicating that the protonic
conduction-related processes belong to this peak. Thus, the anodic condition greatly affects
the co-ionic (H+ and O2-) in both electrolyte and the anode based on BCZY-YDC
composites.
To demonstrate the performance of BCFC | BCZY-YDC-2-1 | BCZY-YDC-1-1 +
60% NiO single cell with hydrocarbon fuel, another cell was employed to test under the
bias of air | 33.33 vol% CH4 + 66.67vol% H2O. Fig. 6.6 summarized the performance of
the cell. As shown in Fig. 6.6a, 0.97 V, 1.00 V, and 1.04 V of OCV were achieved at 650oC,
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600oC, and 550oC, respectively, and power densities are 65, 51and 28 mW·cm-2 at
corresponding temperatures. Fig. 6.6b displays the EIS plots and fitting results of the cell
under the open circuit condition at each temperature. Based on the thickness of the
electrolyte of ~35 µm, the calculated conductivities of the BCZY-YDC-2-1 electrolyte are
1.2 mS·cm-1, 1.5 mS·cm-1, and 1.9 mS·cm-1 at 550oC, 600oC, and 650oC, respectively,
which are lower than values of the dense BCZY-YDC-2-1 pellet under wet 5% H2
atmosphere. Moreover, bigger polarization resistance was achieved than the cell measured
with H2 as the fuel under all temperatures. Thus, a similar conclusion as the DRT analysis
could be drawn that the insufficient protonic conduction under a low 𝑝𝐻2 condition (wet
CH4) at the anode scaffold and the electrolyte layer may contribute to the poor
performances. As for the stability of the cell, we monitored the power density change along
with the time after CH4 fuel was infused into the anode chamber (Fig. 6.6c). Subsequently,
when holding the cell at 650oC, just a slight decrease of powder density was observed.
However, after ~9 h operation, great degradation of the cell occurred due to mechanical
failure. Combined with the SEM image after the test, there was no direct evidence to show
the relationship between the degradation and the solid C deposition. Further study should
be done to improve the performance with CH4 as fuel in future research by improving the
ionic conductivity and the mechanical strength of composites.
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Figure 6.6. (a) I-V and I-P curves of single-cell measured at different temperatures. (b) The EIS data for
fuel cells tested at 550oC-650oC. (b) The time dependence of power densities. (d) The cross-sectional SEM
image after test.
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6.4 Conclusions
In this chapter, we successfully fabricated single cells based on mixed conduction
materials for each component developed in previous chapters with the configuration of
BCFC | BCZY-YDC-2-1 | 40wt% BCZY-YDC-1-1+60wt% NiO. The demonstration of
this cell under air | H2 gradient achieved 1.00 V of OCV at 650oC with the peak power
density of 164 mW·cm-2. With the comparison of the performance of the cell with
BCFZY0.1 cathode, the decrease of the polarization ASR indicates the performance
development of BCFC with its unique perovskite-perovskite nanocomposite structure
triple conduction property. As for the BCZY-YDC-2-1 electrolyte layer, higher OCV
values were obtained than state-of-the-art perovskite-fluorite composite electrolytes,
indicating the good feasibility of this composite. Furthermore, based on the detailed
analysis of the RPa, the mixed conduction was confirmed under fuel cell operation
conditions consistent with our hypothesis and motivation. When utilizing air | 33.33vol%
CH4+66.67vol% H2O gradient to operate the cell, low ionic conductivity in the electrolyte
and the anode scaffold, and bad mechanical strength of the cell contribute to the great
degradation of the performance without direct evidence of solid carbon deposition. Further
improvement of the performance could be achieved in the further work.
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CHAPTER SEVEN
SUMMARY AND CONCLUSIONS
The work discussed in this dissertation focuses on the design, fabrication, and
investigation of novel dual-phase composites derived from one-pot fabrication methods to
understand the co-ionic conductivity (H+ and O2-) inside these composites when serving as
different components of PCFCs.
First, we carefully investigated the microstructure, phase structure, and
electrochemical properties of BaCe0.5Fe0.5O3-δ (BCF) that obtains two perovskite phases
(orthorhombic phase dominated by protonic conduction while the cubic one refers to mixed
ionic (O2-) and electronic conductor) formed simultaneously during the synthesis. As a
result, the phase formation strongly affected by radii of Ce and Fe at different oxidation
states leads to corresponding conduction properties change and the phase structure
variation, especially under reducing atmospheres. However, the demonstration of a button
cell indicated that the BCF is a good starting point for developing high-performed cathode
materials of PCFC, and our modified fabrication procedure could produce BCF with better
performance than reported results.
Then,

we

developed

novel

perovskite-perovskite

nanocomposite

BaCe0.4Fe0.4Co0.2O3-δ (BCFC) by the one-pot modified Pechini method. Cubic and
orthorhombic grains are uniformly distributed, while the nano-grains of these two phases
are locally coupled together in the close vicinity to each other, which is confirmed by
HRTEM. By variated the partial pressure of oxygen (𝑝𝑂2 ) and water (𝑝𝐻2 𝑂 ), co-ionic
conductivity was proved and contributes to competitive ASRs compared state-of-the-art
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cathode materials on symmetric cells and polarization resistances in fuel cell
demonstration, which revealed that the BCFC is a promising cathode candidate of PCFCs.
Another one-pot solid state reactive sintering (SSRS) method was employed to
fabricated stable perovskite-fluorite composites BaCe0.5Zr0.4Y0.1O3-δ-Ce0.5Y0.5O2-δ (BCZYYDC) with different phase ratios. Based on the results of composites’ conductivities
different atmospheres, transfer numbers derived by EMF measurement, and OCV values
under fuel cell operation conditions, adjustable co-ionic conductivity could be achieved by
tuning the phase ratio BCZY-YDC. Furthermore, depending on the conduction property,
BCZY-YDC with a phase ratio of 2:1 meets the electrolyte requirement of PCFCs, while
the one with the ratio of 1:1 works better as the anode scaffold. Finally, the demonstration
of fuel cells based on developed composites showed good current blocking in the BCZYYDC-2-1 electrolyte layer and mixed conductivity inside BCZY-YDC-1-1 as the anode
scaffold.
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